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ARSENIC 41
2 . ' H E A L T H E F F E C T S

Several researchers have examined the h i s t o l og i ca l cell types of lung cancer (epidermoid carcinoma, small
cell carcinoma, adenocarcinoma) in arsenic-exposed workers (e.g., Axel son et al. 1978; Newmari et al.
1976; Pershagen et al. 1987; W i c k s et al. 1 9 8 1 ) . A l t h o u g h the inc idence of the various cell t y p e s varied
from p o p u l a t i o n to p o p u l a t i o n , all s t u d i e s f o u n d an increase in several tumor type s . T h i s ind i ca t e s that
arsenic does not s p e c i f i c a l l y increase the incidence of one p a r t i c u l a r t y p e of l ung cancer.

Wuiff et al. ( 1 9 9 6 ) did not f ind an increase in the incidence of ch i ldhood cancer in children born to women
l i v i n g near a S w e d i s h smelter p l a n t , s u g g e s t i n g that maternal, p e r i n a t a l , and ch i ldhood exposure to airborne
arsenic does not increase the risk of cancer d u r i n g c h i l d h o o d .

No s t u d i e s were located regarding cancer in animal s a f t e r i n h a l a t i o n exposure to inorganic ar s en i ca l s ,
a l t h o u g h several intratracheal i n s t i l l a t i o n s tudie s in hamsters have provided evidence that both arsenite and
arsenate can increase the incidence of l ung adenomas and/or carcinomas ( I s h i n i s h i et al. 1983; Pershagen
and Bjorklund 1985; Pershagen et al. 1984a; Yamamoto et al. 1987). T h e s e da ta s u p p o r t the conclus ion
that i n h a l a t i o n of arsenic may lead to l u n g cancer in humans.

Organic A r s e n i c a l s

No s t u d i e s were located r egard ing cancer e f f e c t s in humans or animal s a f t e r i n h a l a t i o n exposure to organic
arsenical s .

2.2.2 Oral Exposure

T h e r e are a large number of s t ud i e s in humans and animal s on the toxic e f f e c t s of ingested arsenic. In
humans, most cases of t o x i c i t y have r e su l t ed f r o m a c c i d e n t a l , s u i c i d a l , h o m i c i d a l , or med i c ina l inge s t i on of
arsenic-containing powders or s o l u t i o n s or by c on sumpt i on of contaminated f ood or d r i n k i n g water. In
some cases the chemical f o r m is known (e.g., the most common arsenic medicinal was Fowler's s o l u t i o n ,
which contained 1 % po ta s s ium arsenite or arsenic t r i o x id e) , but in many cases (e.g., exposures through
drinking water), the chemical form is not known. In these cases, it is presumed the most l i k e l y forms are
ei ther inorganic arsenate ( A s + 5 ) , inorganic arsenite ( A s + 3 ) , or a mixture. T a b l e 2-3 and F i g u r e 2-3
summarize a number of s t u d i e s which prov id e r e l i a b l e q u a n t i t a t i v e d a t a on h e a l t h e f f e c t s in humans and
animals exposed to inorganic ar s enical s by the oral route. S i m i l a r da ta for organic arsenical s are l i s t e d in
T a b l e 2-4 and shown in F i g u r e 2-4. All exposure data are expressed as mi l l igrams of arsenic (as the
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T a b l e 2-3. Leve l s of S i g n i f i c a n t Expo sure to I n o r g a n i c Arsen i c - Oral
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Key to S p e c i e sf i g u r e ( S t r a i n )
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A C U T E
Death

H u m a n

H u m a n

H u m a n

H u m a n

Rat(Sprague-Dawtey)

Rat

Rat(Sherman)
Rat(Sherman)

Exposure/
Frequency NOAEL Less Serious( S p e c i f i c Route) Sys t em ( m g / k g / d a y ) ( m g / k g / d a y )

E X P O S U R E

1 wk
( W )

once( I N )

once
( I N )

once
( I N )

2x
( N S )

once( G W )

once
( G W )
once
( G W )

LOAEL
Serious( m g / k g / d a y )

2 ( d e a t h o f 2 / 8 )

121 M ( d e a t h )

22 M ( d e a t h )

93 M (1/1 d i e d )

24 F (33% d e a t h )

75 (LD50)

44 F ( L D 5 0 )

112 F ( L D 5 0 )

Reference
Chemical Form

Armstrong et al.1984N S
Civantos et al.1995
As(+5)
Levin-Scherz et al.1987
As(+3)
Quatrehomme et al.1992As(+3)
Brown and Kftchln1996
As(+3)

Dieke and Richter1946
As(+3)
Gaines1960
As(+3)

Galne s1960A s ( + 5 )

m
O
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w
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T a b l e 2-3. Levels of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic - Oral ( c o n t i n u e d )

o3)

O3-a
U3
a

Exposure/
a Duration/Key to Specie s Frequencyf igure (Strain) ( S p e c i f i c Rout

9 Rat once(Sprague- ( G W )Dawtey)
10 M o u s e once

(Swiss- ( G W )Webs t e r)
11 M o u s e once

( N S ) ( G W )

S y s t e m i c
12 H u m a n 1 wk

( W )

13 H u m a n once

LOAEL
(e) NOAEL Less Serious Serious' sy**"1 ( m g / k g / d a y ) ( m g / k g / d a y ) ( m g / k g / d a y )

15.1 M

39 M

26 M

Gastro 1 ( t h r o a t i r r i t a t i o n , nausea,v o m i t i n g , d i a r r h e a ,a b d o m i n a l p a i n )H e m a t o 1H e p a t i c 1
Renal 1
Ocular 1 ( p e r i o r b i t a l s w e l l i n g )
Resp 121 M

( L D 5 0 )

( L D 5 0 )

( L D 5 0 )

.

( a n e m i a , l e u k o p e n i a )( h e p a t i t i s , e l evated serumt ran samina s e l e v e l s )
( p r o t e i n u r i a , elevated serumc r ea t ine)

( r e s p r i a t o r y d i s t r e s s ,

Reference
Chemical Form
Harrisson et al.1958
As(+3)
Harrisson et al.1958
As(+3)
K a i s e e t a l . 1985
As(+3)

Armstrong et al.1984N S

Civantos et al.

1

Im
w

( I N )

C a r d i o

Gastro

severe d i f u s s e d b i l a t e r a la l v e o l a r h emmorhage andl u n g e d e m a )121 M ( c a r d i a c arrest,h y p o t e n s i o n , r e f rac t oryv e n t r i c u l a r f i b r i l l a t i o n )121 M ( u l c e r a t i o n of u p p e rg a s t r o i n t e s t i n a l tract ,a b d o m i n a l t e n d e r n e s s )

1995A s ( + 5 )

' 3 g i f f J ! y i 5 i l ^ * : £ y :.is:n̂ ^
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T a b l e 2-3. Level s of S i g n i f i c a n t Exposure to inorgani c Arsen i c - Oral ( c o n t i n u e d )

3•0
IO

m

Exposure/
a Duration/Key to Specie s Frequencyf i g u r e ( S t r a i n ) ( S p e c i f i c Route)

14 H u m a n once
( I N )

15 H u m a n once( N S )

16 H u m a n once( I N )

N O A E LSystem ( m g / k g / d a y )
C a r d i o
G a s t r oH e m a t o 0.02 F
H e p a t i c 0.02 F
Renal 0.02 F
Resp

GastroH e m a t oRenal
Resp

C a r d i o
Gas t ro

H e p a t i c
Renal
Dermal

— — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — 3 ) COLOAEL 3
Less Serious Serious Reference( m g / k g / d a y ) ( m g / k g / d a y ) Chemical F o r m

y&l F ( s i n u s t a c h y c a r d i a ) Culten et al. 1995
A p A s ( + 5 )

<OJ321 f ( v o m i t i n g , d i a r r h e a )
Ho

8 M ( h e m o r r h a g i c b r o n c h i t i s ) F i n c h e r a n dKoerker1987
As(+3)

8 M ( g a s t r o i n t e s t i n a l b l e e d i n g )8 M ( h e m o l y s i s )
8 M (acute renal failure) r° i

93 M ( p u l m o n a r y e d e m a ) Quatrehomme et al. £1992 5JAs(+3) m
93 M ( w a l l o f l e f t v e n t r i c l e f j js l i g h l y h y p e r t r o p h i c ) ^93 M (ulc ero-necro t i co-hemorrhag w

i c g a s t r i t i s ; p a n - p a r i e t a lnecrosis in the s t o m a c h )93 M ( h e p a t i c s t ea to s i s ,h e p a t o m e g a l y )93 M ( g l o m e r u l a r c o n g e s t i o n ink i d n e y s )93 M ( d e r m o e p i d e r m i c s e p a r a t i o nat a u t o p s y )



r
Exposure/

a Duration/Key to Spec i e s Frequencyf i g u r e (Stra in) ( S p e c i f i c Route) System
17 M o n k e y 13d Gastro

(Rhesus) ( I N ) .
H e m a t oH e p a t i c

Renal
*(3 I m m u n o l o g i c a l / L y m p h o r e t i c u l a r3T! 18 H u m a n onces ( I N )

3)•ocf 2 N e u r o l o g i c a log 19 H u m a n 1 wk
| (W)
m
: 20 H u m a n once

( I N )

21 H u m a n once
( I N )

22 H u m a n once( N S )

23 H u m a n once
( I N )

LOAEL
NOAEL Less Serious Serious( m g / k g / d a y ) ( m g / k g / d a y ) ( m g / k g / d a y )

2.8 5.7 ( v o m i t i n g , nausea)
• • ,.-. .

5.72.8 5.7 ( d i s t i n c t vacuo la t i on ofthe h epa t o cy t e s withdecreased g l y c o g e n )2.8 5.7 (dilation of prox imalt u b u l e s )

93 M ( s p l e e n c onge s t i on ata u t o p s y )

1 ( e n c e p h a l o p a t h y , p e r i p h e r a ln e u r o p a t h y )

121 M ( b r a i n edema, c o n f u s i o n )

A02~F ( l e t h a r g y )
90

8 M ( e n c e p h a l o p a t h y )

93 M ( e n c e p h a l o p a t h y )

33Mm
Reference °
Chemical Form
H e y w o o d a n dSortwe l l 1979
As(+5)

Quatrehomme et al. M1992 _As(+3) m
r~
Tm

^ ^Armstrong et al. ^ R1984 jH
N S
Civantos et al.1995As(+5)
C u l l e n e t a l . 1995As (+5)

F i n c h e r andKoerker1987
As(+3)
Quatrehomme et al.1992As(+3)

• -'i,-£ tff^'l^f^fUs-'^f^f^yr "i=^y^^g?8 '-g^r
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T a b l e 2-3. Level s of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic - Oral ( c o n t i n u e d )

Key to Spec i e sf i g u r e ( S t r a i n )
24 Monkey(Rhesus)

Exposure/Duration/Frequency MOAEL(Speci f i c Route) system < m g / k g / d a y )
13d 2.8 M
( I N )

LOAEL
Less Serious Serious( m g / k g / d a y ) ( m g / k g / d a y )
7 .5M ( u n c o n t r o l l e d heads h a k i n g , s a l i v a t i o n )

ReferenceChemical Form
HeywoodandSortwell 1979As(+5)

D e v e l o p m e n t a l

»»65
s
-o
CD
"
O
S.

25 M o u s e( C D - 1 )
26 M o u s e( C D - 1 )

27 H a m s t e r( L a k : L V G[ S Y R ] )

once( G W )
Gd 7, 8, 9,10, 11, 12,13, 14, or15
( G W )
once( G W )

Cancer
28 H u m a n 2 w k - 1 2 y r

( I N )
I N T E R M E D I A T E E X P O S U R E
S y s t e m i c

29 H u m a n 1-2 mo H e m a t o1-2 mo
( W )

G a s t r o
Dermal

11

2.8 F ( u n n a t u r a l p o s tur e ofarm)

69 (decreased f e t a l b odyw e i g h t s )

23 ( t e r a t o g e n i c i t y , f e t a lm o r t a l i t y )

14 ( p r e n a t a l m o r t a l i t y )

3.67 (CEL: b l a d d e r cancer r i s k )

B a x t e y e t a l . 1981As(+3)
Hood e t a l . 1978
As(+3)

Hood and Harrison1982
As(+3)

Cuzick e t a l . 1992
As(+3)

( a n e m i a , l e u k o p e n i a )

(severe g a s t r o i n t e s t i n a li r r i t a t i o n , d i a r r h e a )

Franzb lau and Li l i s1989N S

3V)

33<n

( h y p e r k e r a t o s i s )

Aiai^ -• -M- .,̂ =.u i a ^ a a j i ^ . v a ^ ' - - ' ; ' i f ! t - i a ^ ; B ' - P t ' » : ^
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o8
m

Exposure/
a Duration/Key to Specie s Frequencyf i g u r e (Stra in) ( S p e c i f i c Route) System

30 H u m a n 0.5-15 yr Gastro
( W ) H e m a t oH e p a t i cDermal

I/ 31 H u m a n 2-3 wk Resp
( F ) C a r d i o

Gastro
H e m a t oH e p a t i cRenalDermal
Ocular
M e t a b

32 H u m a n 4 mo Gastro
( W ) H e m a t o

Dermal
B d W t
Metab

LOAEL
NOAEL Less Serious Serious Reference( m g / k g / d a y ) ( m g / k g / d a y ) ( m g / k g / d a y ) Chemical Form

0.05 ( a b d o m i n a l p a i n ) H u a n g e t a ) . 1985N S
0.05
0.05 0.05 ( p i g m e n t a t i o n changes,h y p e r k e r a t o s i s )

0.05 (sore throat and u p p e r Mizuta et al. 1956re sp iratory s y m p t o m s ) N S
0.05 (abnormale l e c t ro card iogram)0.05 (nausea, vomi t ing , d iarrhea ,ga s t ro in t e s t ina l b l e e d i n g )

0.05 (mild anemia)0.05 (mild h e p a t o m e g a l y )
0.05 0.05 ( i t c h i n g , d e squamat i on ,exanthema)0.05 ( c o n j u n c t i v i t i s , edema ofe y e l i d s )0.05 (f ever , chi l l s)

0-0* djz. CWWSTF (nausea, vomi t ing , -<^yjtag1ie7et al. 1979^ diarrhea) / ^ N S
{> .Od, 0.̂ 46 F ( e r y t h r o i d h y p e r p l a s i a ofs^ bone marrow;m o d e r a t e l y hypochromi cR B C s )
0 _ 0 k Wrt5~F ( h y p e r k e r a t o s i s o f p a l m s 0 - t f f c^ and s o l e s ) ^\^^CMtTF (31% decreased bodyS"^ \ w e i g h t )
0 0 <* s*ttt (increased bodyt e m p e r a t u r e )

OIN
3SU'

f oIrn•nm
w
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Key to speciesf i g u r e ( S t r a i n )
33 Monkey(Rhesus)

34 Rat

•>S^^^:S:--:;r.̂ ,.:.:.r;ffi-^^^

T a b l e 2-3. Levels
Exposure/ .Duration/Frequency MOAEL( S p e c i f i c Route) system (m9lkglday)

28 d Resp
( I N )

G a s t r o 2.8
2.8

2-4 wk C a r d i o 2.3 F .: (Wistar-Barby) 5 d / w k
O
>-1
§ 35 Rat .-o ( S p r a g u e -g Dawley)
o
§ 36 Mouse

( B 6 C 3 F 1 )
mz

*

37 Dog
( B e a g l e )

1 x / d
( G W )
6 wk Renal
( W )

32 or 91 d Resp 0.0065 Mad lib
( W ) H e p a t i c

Renal
Bd Wt 0.87 M

1 8 3 d H e p a t i c 0.03 Fad lib
( F )

Other 0.03 F

.iK.ll "• •-'-^^•VSSSfx.vg.t- ——— a g S t i S — — B r i i j ° g V " - V ' W ——— !"!"=-- — — — — — — 7-W -̂î --,.-̂ - ~. - i .^

of S i g n i f i c a n t Exposure to inorganic Arsenic - Oral (cont inued)
LOAEL

Less Ser iou s Serious( m g / k g / d a y ) ( m g / k g / d a y )
2.8 (bronchopneumonia withhemorrhag i c edema andnecrosis)

5.7 M ( i n f l a m m a t i o n of s m a l li n t e s t i n e )5.7 F ( m o d e r a t e regre s s ion oft h y m u s )
11 F (decrease inv a s o r e a c t i v i t y )

4.7M (increased organ weight,i m p a i r e d m i t o c h o n d r i a lr e s p i r a t i o n )
0.75M (11% increase l u n gweight a f t e r 32 d)

0.0085 M (20% decreased liverweight a f t e r 91 d)0.0085M (13% decreased k i d n e yweight a f t e r 91 d)

1 . 7 3 F ( i n c r e a s e d a s p a r t a t ea m i n o t r a n s f e r a s e anda l a n i n ea m i n o t r a n s f e r a s e )1 . 0 4 F ( d e c r e a s e d f o o dc o n s u m p t i o n )

• • ' - MCOm
Reference °
Chemical Form
Heywood andS o r t w e l l 1979A s ( + 5 )

Bekemefer andH l r s c h e l m a n n 1989
As(+3)

ro
Brown e t a l . 1976 i
As(+5) 5amHealy e ta l . 1998 T!
A s ( + 3 ) o

co

Neiger andOsweilef 1989
A s ( + 3 )

I m m u n o l o g i c a l / L y m p h o r e t i c u l a r
38 M o n k e y( R h e s u s )

28 d 2.8
( I N )

5 . 7 F ( m o d e r a t e r e g r e s s i o n o ft h y m u s )
Heywood andS o r t w e l l 1979
A s ( + 5 )



r

Key to Spec i e sf i gur e ( S t r a i n )
39 M o u s e

Exposure/Duration/Frequency( S p e c i f i c Route)
10-1 2 wk
( W )

T a b l e 2-3. Levels of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic - Oral ( c o n t i n u e d )
LOAEL

NOAEL Less Serious Serious ReferenceSystem ( m g / k g / d a y ) . ( m g / k g / d a y ) ( m g / k g / d a y ) Chemical Form
20 M Kerkuteit et al.1980

N e u r o l o g i c a l pjOb ^ c-f>^' O.O%)

»»6•JO
13•a
T J
P0§
m

40

41

42

43

H u m a n

H u m a n

H u m a n

H u m a n

1 » *

continuous( W )

0.5-1 S y r
( W )
2-3 wk

( F )
4 mo
( W )

I "titnnt, JA*IS ( p a r e s t h e s i a of hands and FranzWau and Lilisf e e t ; c o n f u s i o n , 1989d i s o r i e n t a t i o n and mental NSs l u g g i s h n e s s )
0.05 (amne s ia , m i l d p e r i p h e r a l H u a n g e t a l . 1985n e u r o p a t h y ) N S

0.05 ( h y p e s t h e s i a in l e g s ) • / M i z u t a e t a l . 1956N S
J J r & t S T (weakness, p a r e s t h e s i a ) W a g n e r e t a l . 1979^ N S

10HEALTH El

1 1Tlm
CO

H Reproduc t ive*» 44
"

45

Mouse
( B 6 C 3 F 1 )

M o u s e( C D )

32 or 91 dad lib( W )
3 gen( W )

0.0085 M (8% decreased testes Healy et al. 1998w e i g h t ) As(+3)

1.2 Schroeder andMitchener 1971As(+3)

D e v e l o p m e n t a l
46 Mouse 3 gen( W )

1.2 (decreased p u p s per Schroeder andlitter) ' ' Mitchener 1971As(+3)
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Smz
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Key to Spec i e sf i g u r e ( S t r a i n )
Systemic

55 H u m a n

56 H u m a n

57 H u m a n

58 H u m a n

59 H u m a n

60 H u m a n

61 H u m a n

Exposure/Duration/Frequency( S p e c i f i c Route)

4 y r
( I N )

12 yr( W )

11-1 S y r
( W )

continuous( W )

1-11 yr
( W )

c on t inuou s( W )
3-7 yr
( W )

T a b l e 2-3. Levels

- • -- :'
of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic - Oral (con t inued)

M
i r t A c i

NOAELSystem ( m g / k g / d a y )

Dermal

C a r d i o

Gastro
Dermal
Dermal

Gastro 0.0004

Dermal 0.0004

H e p a t i c

Dermal
C a r d i o

C a r d i o
Dermal

^**l i fc.

Less Serious( m g / k g / d a y )

0.1 F ( h y p e r k e r a t o s i s )

0.02 ( d i a r r h e a , abdominalp a i n )0.02 (abnormal p i g m e n t a t i o n )
0.01 ( h y p o - andh y p e r p i g m e n t a t i o nI hyperkera to s i s)

0.022 ( g a s t r o i n t e s t i n a li r r i t a t i o n , d iarrhea ,nausea)
0.022 ( p i g m e n t a t i o n c hange s ,h y p e r k e r a t o s i s )

0.02 ( h e p a t o m e g a l y )

0.02 ( m e l a n o s i s , k e ra t o s i s)

QJXStfs ( h y p e r k e r a t o s i s ,

Serious Reference
( m g / k g / d a y ) Chemical Form

Bickley and Papa1989As(+3)
0.02 (Raynaud's d i s e a s e ) Borgono andGreiber1972N S

Borgono e t a l . 1980N S

Cebrian e ta l . 1983
As(+5)

Chakraborty andSaha 1987N S

0.064 ( B l a c k f o o t d i s e a s e ) C h e n e t a l . 1988bN S
Drd ( B l a c k f e o f D i s e a s e ) Foy e t a l . 1992

i ' NS
O.|| -f tytAMfc**" ,

to

Im
1

O

h y p e r p i g m e n t a t i o n )



Exposure/a Duration/Key to Specie s Frequencyf i g u r e ( S t r a i n ) ( S p e c i f i c Route)
62 H u m a n 2-6 yr

( I N )

63 H u m a n 10 yr
( W )

D5 64 H u m a n 0.5-1 5 yr
3 (W)• 9?W
o
0 65 H u m a n 1 5 y r
z

P 66 / H u m a n oncev y ( I N )

6 7 H u m a n N S
( W )

Syst en
H e p a t i c
Dermal

Gastro

H e m a t oDermal
Gastro
H e m a t oH e p a t i cDermal

Gastro
Dermal
G a s t r o
H e m a t oRenal
Other
H e p a t i c

Dermal

T a b l e 2-3. Levels of S i g n i f i c a n t Exposure to inorganic Arsenic - Oral (con t inued)
LOAEL

NOAEL Less Serious Serious1 ( m g / h g / d a y ) ( m g / k g / d a y ) ( m g / k g / d a y )
0.08 M ( c i r r h o s i s , a s c i t e s)

0.08M ( h y p e r p i g m e n t a t i o n ,h y p e r k e r a t o s i s )
0.003

0.003
0.003

0.05 ( a b d o m i n a l p a i n )
0.050.05 0.05 ( p i g m e n t a t i o n changes,h y p e r k e r a t o s i s )

0.030 M (hematemes i s ,hemoper i t oneum, m e l e n a )
0.03 M ( h y p e r k e r a t o s i s )
0.39 F ( a b d o m i n a l p a i n ,v o m i t i n g )

0.39 F 0.39 F (e l evat ed BUN, 0.39 F (acute renal failure)d i m i n i s h e d urine o u t p u t )0.39 F ( d e h y d r a t i o n )
0.006 ( h e p a t o m e g a l y )

0.0009 0.006 ( p i g m e n t a t i o n c h a n g e s ,h y p e r k e r a t o s i s )

,,,̂ «̂«M^̂

COm
ReferenceChemical Form
F r a n k l i n e t a l . 1950
As(+3)

Harrington et al.1978
NS ^^

"^"^

H u a n g e t a l . 1985N S N

5
in-n

Lander e t a l . 1975 3
As(+3) w

L u g o e t a l . 1 S S 9
As(+3)

Mazumder et al. ;
1988
N S

:, . , , - . . • . . . . ] .
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T a b l e 2-3. Levels of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic -Oral (continued)

Key to Speciesf igure (Strain)
68 H u m a n

69 H u m a n

70 H u m a n

Exposure/Duration/Frequency( S p e c i f i c Route)
1-20 yr
( W )

3-22 yr
( I N )

15 yr
( I N )

System
C a r d i o

Gastro
H e m a t o
H e p a t i c
Dermal

Gastro
H e p a t i c
Dermal

H e p a t i c
Dermal

LOAEL
NOAEL Less Serious Serious Reference( m g / k g / d a y ) ( m g / k g / d a y ) ( m g / k g / d a y ) Chemical Form
0.06 Mazumdere ta l .1988

N S0.007 M ( a b d o m i n a l p a i n )0.03 F0.007 M ( a n e m i a )0.03 F0.007 M ( h e p a t o m e g a l y , f i b r o s i s )0.03 F0.007 M ( h y p e r p i g m e n t a t i o n ,0.03 F h y p e r k e r a t o s i s )
0.05 M ( g a s t r o i n t e s t i n a l Morris e t a l . 1974hemorrhages) As(+3)
0.05 M (vascular f i b r o s i s , por ta lh y p e r t e n s i o n )0.05 M ( h y p e r p i g m e n t a t i o n ,keratoses)
0.05 F (central f i b r o s i s ) Ptontek e t a l . 1989As(+3)

0.05 F ( h y p e r k e r a t o s i s )

2. HEALTH EFFEC3

1
•av>m
o



T a b l e 2-3. Levels of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic - Oral (continued)
Exposure/

Key to Specie s Frequency «««=! . - -f i g u r e ( S t r a i n , ( S p e c i f * Route, system J J * , S S 5 ?
71 H u m a n 12 yr Resp( W )

LOAEL
Serious( n i g / k g / d a y ,

0.02 (arterial t h i c k e n i n g ;i n t e r s t i t i a l f i b r o s i s ;

Reference
Chemical Form
Rosenberg 1 974N S

Mm
o

OJO
T J
CD
O
OO

m 72 H u m a n 2-3 yr
( I N )

C a r d i o
Gas tro
H e p a t i c

RenalEndocr
Dermal

C a r d i o

Gastro
H e m a t o
H e p a t i c
RenalDermal

O c u l a r

0.086 F

0.086 F

0.086 F

0.02 ( p i g m e n t d e r a n g e m e n t s ,h y p e r k e r a t o s i s andadnexa l c h a n g e s )

0.086 F (nausea, cramps,d i a r r h e a )
0.086 F ( h e p a t o m e g a l y , fattyl i v e r )
0.086 F ( h y p e r k e r a t o s i s ,h y p e r p i g m e n t a t i o n ,m e l a n o s i s )
0.086 F ( c o n j u n c t i v a l i n j e c t i o n ,p e r i o c u l a r e d e m a )

b r o n c h i t i s with s l i g h tbronchiec ta s i s;de squamat iv e i n t e r s t i t i a lp n e u m o n i a )0.02 (ar t e r ia l t h i c k e n i n g ;increased heart w e i g h t )0.02 ( a r t e r i a l t h i c k e n i n g instomach and i n t e s t i n e s )0.02 (arter ia l t h i c k e n i n g ; cirrhoticchange s in 1 / 5 ; incr. l iv erwt. in 2 / 5 )0.02 ( a r t e r i a l t h i c k e n i n g )0.02 ( a r t e r i a l t h i c k e n i n g inp a n c r e a s )

S i l v e r andW a i n m a n 1 9 5 2
As(+3)

m

m-
W
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Exposure/a Duration/Key to Spec i e s Frequencyf i g u r e ( S t r a i n ) ( S p e c i f i c Route)
73 H u m a n > 5 y r( W )

74 H u m a n 55 yr
( I N )

75 H u m a n 45 yr
( W )

76 H u m a n NS
( W )

77 H u m a n > 4 5 y r
( W )

78 H u m a n > 30 yr( W )

7 9 H u m a n N S
( W )

T a b l e 2-3. Level s of S i g n i f i c a n t Exposure to Inorgan i c Arsenic - Oral (continued)
LOAEL

NOAEL Less Serious Serioussy s t cm ( m g / k g / d a y ) ( m g / k g / d a y ) ( m g / k g / d a y )
H e m a t o 0.006 M0.007 F
Dermal 0.0009 M0.001 F
H e p a t i c 0.03 M (portal f i b r o s i s andh y p e r t e n s i o n , b l e e d i n g f r o me s o p h a g e a l var i c e s)
Dermal 0.03M ( h y p e r k e r a t o s i s ,h y p e r p i g m e n t a t i o n ,h y p o p i g m e n t a t i o n , war t s)
C a r d i o 0.014 ( B l a c k f o o t d i s e a s e )

C a r d i o 0.014 ( B l a c k f o o t d i s e a s e )

Dermal 0.0008 b M 0.014 M ( h y p e r k e r a t o s i s andh y p e r p i g m e n t a t i o n )
C a r d i o 0.024 M ( d e f i c i t s in cu taneousm i c r o c i r c u l a t i o n of the: toe s)
G a s t r o 0.01

•

Reference
Chemical Form
Southwick et al.1981
N S

S z u l e r e t a l . 1979
As(+3)

Tseng 1977N S

T s e n g 1989
N S

Tseng e t a l . 1968
N S

T s e n g et al. 1 995
As(+3)

V a l e n t i n e et al.1985
N S

in

M

1Im
3o
CO

COm
o

Dermal 0.01



T a b l e 2-3. Levels of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic - Oral ( c o n t i n u e d )

Key to Spec i e sf i g u r e ( S t r a i n )
80 H u m a n

81 H u m a n

Exposure/Duration/Frequency( S p e c i f i c Route)
16 mo
( I N )

12 yr
( W )

System
Resp

C a r d i oH e m a t oH e p a t i cDermal

Resp

NOAEL( m g / f t g / d a y )
0.1 M

0.1 M
0.1 M

LOAEL
Less Serious Serious( m g / k g / d a y ) ( m g / k g / d a y )

0 . 1 M ( h e p a t o m e g a l y )0 . 1 M ( h y p e r k e r a t o s i s ,h y p e r p i g m e n t a t i o n )
0.01 9 M (bronchi t i s ;b r o n c h i e c t a s i s )

Reference
Chefnicdl Form

Wade and Frazer1953
As(+3)

Zaldivar1974N S

3COm
o

o33-a
w
O

m

82 H u m a n 30-33 yr
( W )

C a r d i o

Gastro

Dermal

B d W t

Dermal

0.022 F

0.019 M ( d i a r r h e a )
0.022 F0.019 M ( s c a l i n g of skin,h y p e r k e r a t o s i s ,l eukoderma,m e l a n o d e r m a )
0.022 F0.019 M ( u n s p e c i f i e d decreasedbody w e i g h t )0.022 F
0.019M ( h y p e r k e r a t o s i s o f thes o l e )

0.019 M (Raynaud' s d i s ea s e ,t h r o m b o s i s )
0.022 F Iim•n33

Z a l d i v a M 9 7 4
N S
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T a b l e 2-3. Levels of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic - Oral (cont inued)

Exposure/a Duration/Key to Specie s Frequencyf i g u r e ( S t r a i n ) ( S p e c i f i c Route)
83 H u m a n 2-7 yr

( W )

84 H u m a n NS
( W )

85 H u m a n 1-39 yr
( W )

L O A F I^Wf^CL.

NOAEL Less SeriousSystem ( m gn<g/day) ( m g / K g / d a y )
Resp
C a r d i o

Gas tro 0.024 M (chronic d i a r r h e a )H e p a t i cRenal 0.024 M (occlus ive arteriall e s i on s in k i d n e y , c l o u d ys w e l l i n g in k i d n e y s )Dermal 0.024M ( h y p e r k e r a t o s i s of p a l m sand so le s ,m e l a n o d e r m a ,l e u k o d e r m a )
Dermal 0.0633 ( h y p e r p i g m e n t a t i o n ,keratoses in c h i l d r e n )
C a r d i o

Serious Reference( m g / k g / d a y ) Chemical Form
0.024 ( i n f l a m m a t i o n of bronchi Z a l d i v a r 1 9 7 4a n d l a r y n x ) N S
0.024 M ( c a r d i a c f a i l u r e , arterialh y p o t e n s i o n , i s chemia,vascular s p a s m s ,myocardia! necrosis,t h r o m b o s i s )
0.024 M ( c i r r h o s i s , h e p a t o m e g a l y )

Z a l d i v a r 1 9 7 7 v
N S

0.06 (art er ia l t h i c k e n i n g , Z a l d i v a r a n dR a y n a u d ' s d i s ea s e) G u i l l i e r 1977N S

COio

Im-n•nme



T a b l e 2-3. Levels of S i g n i f i c a n t Exposure to inorganic Arsenic - Oral ( c o n t i n u e d )
Exposure/a Duration/Key to Specie s Frequencyf i g u r e (Stra in) ( S p e c i f i c Route) System

86 Rat 2yr Resp
(Osbome- ( F )Mende l)

C a r d i oGastroH e m a t o

H e p a t i c
i Renal

§ B d W t
T ]
3s
po 87 Rat 1 yr H e m a t o
8 < F )5
™ 88 Rat approx . C a r d i o-j (Long- Evans) 3-3.4 yr: (W) H e m a t o

Renal
B d W t

89 Mouse 2 yr Resp "
( W )

C a r d i oH e p a t i cRenal

i l i^ i^ 'da i ik^^ l lSl ' i l^ l^^ l l^^ l '^^^ai^Ml^S^S

MOAEL( m g / h g / d a y )
12.5

12.512.5
12.5 M6.3 F

3.1
12.5

6.3 M

3.1 F

20 F

0.07 F

0.7
0.7

1

1
1
1

SSS®^M^i|g3

3LOAEL g
Less Serious Serious Reference( m g / k g / d a y ) ( m g / k g / d a y ) Chemical Form

Byron e t a l . 1967As{+3) As(+5)

20 M ( s l i g h t incr. in l e u c o y t e )12.5 F (s l igh t deer. i n H g b a n dH C T v a l u e s )6.3 (enlargement of the b i l ed u c t )
1 2 . 5 M (14.9% decreased mean 12.5 M (41% decreased mean bodybody weights in weight in arsenite) „arsenate) x6.3 F (18.8% decreased mean £body we igh t s in ar s en i t e) q

mKroes e t a l . 1974 ^
As(+5) f n

w0.6 M (15% deer, r e la t ive heart Schroeder et al.w e i g h t ) 1368As(+3)
0.06 (incr. mean serumc h o l e s t e r o l in m a l e s ;deer, f a s t i n g serumg l u c o s e in mal e s andf e m a l e s )

Schroeder andBalassa1967
A s ( + 3 )

.

•_^^^^^^^^^^^^^^^M^^^^^^^^^^^^^^^^^^^^^^^^^^^^



T a b l e 24. Levels of S i g n i f i c a n t Exposure to inorganic Arsenic - Oral (continued)

Key to Speciesf igure (Strain)
90 Dog(Beagle)

Exposure/Duration/Frequency( S p e c i f i c Route)
2 yr

( F )

System
Resp
C a r d i oGastroH e m a t oH e p a t i cRenal
B d W t

LOAEL
NOAEL Less Serious Serious( m g / k g / d a y ) ( m g / k g / d a y ) ( m g / k g / d a y )
1.25
1.25
1.25
1.25
1.251.25
1.25

ReferenceChemical Form
Byron etal . 1967
As(+3) As(+5)

IO

6

13
03
O

I m m u n o l o g i c a l / L y m p h o r e t i c u l a r
91 H u m a n 1 - 1 1 y r( W )

92 H u m a n 12 yr( W )
93 H u m a n 2-7 yr( W )

0.020 ( s p l e e n p a l p a b l e in 3%)

0.024 M ( s p l e n o m e g a l y )

Chakraborty andSaha1987
N S

0.02 (art er ia l t h i c k e n i n g in s p l e e n ) Rosenberg 1974N S
Z a l d i v a r 1 9 7 4
N S

Im

m•nTlm3
N e u r o l o g i c a l

94 H u m a n 3-7 yr
( W )

o a i l F (weakness, l e a r n i n g F o y e t a l . 1992i m p a i r m e n t , anorexia) N S
95 H u m a n 10 yr( W )

0.003 Harr ing t on et al.1978
N S

96 H u m a n c on t inuou s( W ) 0.0007 0.019 ( e l e c t r o m y o g r a p h i ca b n o r m a l i t i e s ) 0.04 ( f u n c t i o n a l d en erva t i on) Hindmar sh et al.1977N S



T a b l e 2-3. Levels of S i g n i f i c a n t E K p o s u r e to I n o r g a n i c Arsenic - Oral ( c o n t i n u e d )

D3J

TO
00
o8
m

Key to speciesf i g u r e ( S t r a i n )
97 H u m a n

98 H u m a n

99 H u m a n

100 H u m a n

101 H u m a n

102 H u m a n

103 H u m a n

104 H u m a n

105 M o n k e y(Rhesus)

106 Dog
( B e a g l e )

Exposure/Duration/Frequency( S p e c i f i c Route) System
0.5-1 S y r
( W )
1-20yr( W )

2-3 yr( I N )

> 5 y r
( W )

55 yr( I N )

N S( W )

12 yr
( W )

2-7 yr
( W )

1 y r( I N )

2 y r
( F )

LOAEL
NOAEL Less Serious Serious( m g / k g / d a y ) ( m g / k g / d a y ) ( m g / k g / d a y )

0.05 ( a m n e s i a , m i l d p e r i p h e r a ln e u r o p a t h y )
0.007 M (Tingling of h a n d s and0.03 F f e e t )

0.086 F ( p a r e s t h e s i a )

0.006 M0.007 F

0.03 M (absent a n k l e j e r k r e f l e xand vibrat ion sense inl e g s )
0.01

0.019 M (anor ex ia , general0.022 F debility)

0.024 F ( t h r o m b o s i s of braina r t e r i e s )
2.8

1.25 3.1 ( l i s t l e s s n e s s , a n o r e x i a )

ReferenceChemical Form
H u a n g e t a l . 1985N S
Mazumder et al.1988
N S
Silver andWainman 1952
A s ( + 3 )
S o u t h w i c k e t a l .1981
N S
S z u t e r e t a l . 1979As(+3)

Valentine et al.1985
N S

Zald ivar 1974
N S

Z a l d i v a r 1974
N S

H e y w o o d a n dS o r t w e i l 1 9 7 9
A s ( + 5 )
Byron e t a l . 1967
A s ( + 3 ) A s ( + 5 )

ro
I
r~
mj j j
co

§co

S



T a b l e 2-3. Levels of S i g n i f i c a n t Inorgani c Arsenic - Oral (cont inued)

0335s3D
T J
CD
O
8
m

Key to Specie sf i g u r e (Strain) (

Exposure/Duration/ — — — — — — — — — — — — — — —
snJ^f i r Bnirtoi ~ _. NOAEL Less Seriousspecmc Route) System

LOAEL
Serious Reference

Chemical Form
Developmenta l

107 H u m a n

Cancer
108 H u m a n

109 H u m a n

110 H u m a n

1 1 1 H u m a n

112 H u m a n

1 1 3 H u m a n

1 1 4 H u m a n

once
( I N )

1-11 yr( W )

cont inuous( W )
continuous( W )

>10yr( W )
2wk-12yr

( I N )
N S
( W )

>1 yr( W )

0.39 F ( i m m a t u r i t y , g enera l i z edpe t e ch ia l hemorrhages,h y a l i n e membrane di s ea s e;d e a t h )

0.02 ( C E L : squamous c e l l scarcinoma of the s k i n )

0.064 ( C E L : b l a d d e r , l u n g andl iver cancers)
0.064 ( C E L : m a l i g n a n t n e o p l a s m sof the b l a d d e r , skin, l u n gand l i v e r )
0.001 ( C E L : l iver, l u n g , b l a d d e rand k idney cancer ri sk)

3.67 ( C E L : b l a d d e r cancer ri sk)

0.0192 ( C E L increased incidenceof t r a n s i t i o n a l ce l lcarcinomas of the b ladder ,k i d n e y , & ureters and allurethra! cancer)
0.0014 ( C E L : basal or squamousskin carc inoma, breast

L u g o e t a l . 1969 »As(+3)

Chakraborty andSaha 1987N S
C h e n e t a l . 1986
N S

C h e n e t a l . 19886
N S

C h e n e t a l . 1992 I/N S

Cuzicke ta l .1992
As(+3)
G u o e t a l . 1997N S

H a u p e r t e t a l . 1996 \fN S

N>
X2im
•rig
CO

£COm
o

cancer)



Exposure/
a Duration/Key to Spec i e s Frequencyf i g u r e ( S t r a i n ) ( S p e c i f i c Route)

LOAEL
System NOAEL( m g / f t g / d a y ) Less Serious( m g / f t g / d a y ) Serious( m g / K g / d a y )

Reference
Chemical Form

123 H u m a n 14-23 yr
( W )

0.009 M ( C E L : basal c e l l and Z a l d i v a r et al. 1981squamous ce l l carcinomas N Sof the s k i n )

" T h e number onrrocnnnrlg tn entries in F i n u r p 2-3.

T a b l e 2-3. Levels of S i g n i f i c a n t Exposure to inorganic Arsenic - Oral (cont inued)
3)COio

Exposure/
a Duration/Key to Specie s Frequencyf i g u r e (Strain) ( S p e c i f i c Route)

LOAEL
MOAEL Less Serious( m g / f c g / d a y ) ( m g / k g / d a y ) Serious( m g / I t g / d a y )

ReferenceChemical Form
115 H u m a n 15 yr( I N ) 0.030 M ( C E L : h e p a t i c L a n d e r e t a l . 1975angio sarcoma, As(+3)angio sarcoma of the s k i n )
1 1 6 H u m a n 1 6 y r ( a v e )( I N ) 0.04 M ( C E L : basal c e l l and Luchtrath 1963squamous ce l l carcinomas As(+5)of the skin, s m a l l ce l l andsquamous ce l l carcinomao f t h e l u n g )

o3D
s33
T J
CD
O
OO

m

1 1 7 H u m a n

1 1 8 H u m a n

1 1 9 H u m a n

120 H u m a n

3-22 yr
( I N )

60 yrc o n t i n u o u s( W )
>45 yr
( W )
~5yr
( W )

0.05 M ( C E L : sk in tumor s , Morris e t a l . 1974carc inomal o f the l a r y n x , As(+3)b r o n c h i a l c a r c i n o m a )
0.038 ( C E L : i n t r a e p i d e r m a l T s e n g 1977c a r c i n o m a ) N S

0.014 ( C E L : squamous c e l l T s e n g e t a l . 1966carc inoma o f t h e s k i n ) N S
1 ( C E L : l u n g , ur inary cancer) T s u d a e t a l . 1995A s ( + 3 )

Tlm3

1 2 1 H u m a n 12 yr
( W ) 0.019 M ( C E L : squamous c e l lcarc inoma o f t h e s k i n )

0.022 F ( C E L : squamous c e l lcarcinoma o f t h e s k i n )

Z a l d i v a r 1974N S

1 2 2 H u m a n 30-33 yr
( W ) 0.019 M ( C E L : s q u a m o u s c e l l Zaldivar 1974carc inoma) N S



F i g u r e 2-3. Levels of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic - Oral
___________________Acute (S14 days)__________________

____________Systemic____________
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• LDU (animals)
• LOAEL lor serious e f f e c t s (animals)
9 LOAEL for less serious e f f e c t s (animals)
O NOAEL (animals)A LOAEL for serious e f f e c t s (humans)
A LOAEL for less serious e f f e c t s (humans)
A NOAEL (humans)
V CEL: cancer e f f e c t level (humans)

J Minimal risk leveli for e f f e c t s otherVis than cancer
The number next toeach pointcorresponds toentries in T a b l e 2-3.

Dosos represent the lowest dose tested per study that produced a tumortgente responseand do not Imply (he existence ot a threshold tor (he cancer end point
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i g n i f i c a n t Enposyr© to I n o r g a n i c Arsenic - ©ra! (cont.)
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A LOAEL for less serious e f f e c t s (humans) corresponds toA NOAEL (humans) entries in Table 2-3.
V C E L : cancer e f f e c t level (humans)

Doses represent the lowest dose tested per study that produced a tumongente responseand do not Imply the existence of a threshold tor the cancer end point.
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F i g u r e 2-3. Levels of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic - Oral (cont.)
_____________________Chronic (£365 days)_____________________

_______________________________Systemic____________________
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* Doses represent the lowest dose tested per study that produced a lurrwfgente responseand do not b i i p l y the existence ol a threshold lor ihe cancer end point

| Minimal risk leveli for e f f e c t s other*/ than cancer
The number next toeach pointcorresponds toentries In Tabl e 2-3.
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Exposure to I n o r g a n i c Arsenic - OraB (cont.)
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V C E L : cancer e f f e c t level (humans)

The number next toeach pointcoiresponds toentries in Table 2-3.

Doses represent tho lowest dose tested per study that produced a turnorfgorric responseand do not imply the existence of a threshold for the cancer end point



F i g u r e 2-3. Levels of S i g n i f i c a n t Exposure to I n o r g a n i c Arsenic - Oral (cont.)
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e l ement) per ki logram body weight per day (mg A s / k g / d a y ) . T h e s e s t u d i e s and others that prov id e u s e f u l
q u a l i t a t i v e i n f o r m a t i o n are summarized below.

2.2.2.1 Death

I n o r g a n i c A r s e n i c a l s

There are many case reports of death in humans due to ingestion of high doses of arsenic. In nearly all
cases, the most immediate e f f e c t s are vomit ing, diarrhea, and g a s t r o i n t e s t i n a l hemorrhage, and dea th may
ensue f rom f l u i d los s and c i r c u l a t o r y c o l l a p s e ( L e v i n - S c h e r z et al. 1987; S a a d y et al. 1989). In other cases,
death may be delayed and result f r o m the m u l t i p l e t i s sue i n j u r i e s produced by arsenic ( C a m p b e l l and
Alvarez 1989). Some accounts o f f a t a l arsenic p o i s o n i n g contain both g a s t r o i n t e s t i n a l e f f e c t s soon a f t e r
inge s t ion, with extensive damage to m u l t i p l e organ systems prior to d ea th (Quatrehomme et al. 1992). A
precise e s t imate of the ingested dose is u s u a l l y not a v a i l a b l e in acute p o i s o n i n g s , so q u a n t i t a t i v e
i n f o r m a t i o n on l e t h a l dose in humans is sparse. Two p e o p l e in a f a m i l y of 8 died f r o m i n g e s t i o n of water
c o n t a i n i n g about 110 ppm of arsenic (Arms t rong et al. 1984). T h i s corre sponded to a dose of about 2 mg
A s / k g / d a y . Based on a review of c l i n i c a l r epor t s in the o lder l i t e r a t u r e , H o l l a n d ( 1 9 0 4 ) e s t imated the
minimum l e t h a l dose to be about 130 mg ( a l s o about 2 m g / k g ) . A s imi lar e s t i m a t e of 70-180 mg (about
1-3 m g / k g ) was provided by V a l l e e et al. (1960). Chronic inge s t i on of d r i n k i n g water at doses of
0.13-1 mg A s / k g / d a y for up to 39 years has been associated with increased m o r t a l i t y ( T s u d a et al. 1 9 9 5 ;
Z a l d i v a r 1974; Z a l d i v a r and G u i l l i e r 1977).

Lethal doses in animals are somewhat higher than the e s t imated l e t h a l dose in humans. For e x a m p l e , acute
LD5 0 values for arsenate and arsenite in rats and mice range f r o m 15 to 112 mg A s / k g (Dieke and Rich t e r
1946; Gaines 1960; H a r r i s s o n et al. 1958; K a i s e et al. 1985). Mos t d e a t h s occurred w i t h i n 1 day of
exposure, but no d e t a i l s on the cause of death were reported. Data on l e t h a l i t y f r o m repeated exposure s are
sparse, but average chronic exposures of about 3 mg A s / k g / d a y as arsenate or arsenite have been noted to
cause death in dogs (Byron et al. 1967) and monkeys (Heywood and S o r t w e l l 1979).

R e l i a b l e LOAEL and LD S O values for l e t h a l i t y f rom oral exposure to inorganic a r s e n i c a l s in each spec ie s
and duration category are recorded in T a b l e 2-3 and p l o t t e d in F i g u r e 2-3.

' " D R A F T F O R P U B L I C C O M M E N T " '
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Organic Arsenicals

No s tudies were located regarding death in humans a f t e r oral exposure to organic arsenical s , but the acute
l e t h a l i t y of MM A, D M A , and roxarsone have been invest igated in several animal studies. As shown in
T a b l e 2-4 and F i g u r e 2-4, most acute l e thal values range from about 15 to 70 mg A s / k g ( J a g h a b i r et al.
1988; Kerr et al. 1963; NTP 1989b; Rogers et al. 1 9 8 1 ) , a l though one s tudy ( K a i s e et al. 1989) reported
somewhat higher values (650-970 mg A s / k g ) for MMA and DMA in mice. The cause of death was not
inves t igated in any of these s tudie s . Intermed ia t e -dura t i on exposure to roxarsone caused death in p ig s and
rats at exposure levels of 5.7-21.5 mg A s / k g / d a y (Edmonds and Baker 1986; Kerr et al. 1963; NTP
1989b). No increase in mor ta l i ty was seen a f t e r chronic exposure of rats (2.3-2.6 m g / k g / d a y ) or mice
(9.7 m g / k g / d a y ) to roxarsone (NTP 1989b).

2.2.2.2 Sys t emi c E f f e c t s

The highest N O A E L values and all r e l i a b l e NOAEL values for systemic e f f e c t s f rom oral exposure in each
species and duration category are recorded in T a b l e 2-3 and p l o t t e d in F i g u r e 2-3. S i m i l a r data for oral
exposure to organic arsenicals are shown in T a b l e 2-4 and p l o t t e d in F i g u r e 2-4.

Respiratory E f f e c t s

I n o r g a n i c Arseni ca l s

I n g e s t i o n of arsenic by humans is u s u a l l y not associated with serious i n j u r y to the re sp iratory system,
a l though pulmonary edema and hemorrhagic bronchi t i s may occur in moderate to severe cases (e.g.,
C a m p b e l l and Alvarez 1989; F i n c h e r and Koerker 1987; Quatrehomme et al. 1992). It is p o s s i b l e that th i s
is pr imar i ly a secondary e f f e c t due to i n j u r y to the pulmonary vasculature (see Cardiovas cu lar E f f e c t s ,
below), a l though there are no s tud i e s s p e c i f i c a l l y on this point . Acute accidental ingestion of 43.3 mg/kg
arsenic (as arsenic t r i ox ide) was associated with shortness of breath and decreased oxygen sa turat ion
(Moore et al. 1994). Intermedia t e exposure of 2-3 weeks to 0.05 mg A s / k g / d a y in soy sauce caused sore
throat and u p p e r re spiratory tract symptoms ( M i z u t a et al. 1956). Chronic exposure to 0.02 mg A s / k g / d a y
in drinking water for up to 12 years has been associated wi th arterial th i ckening, i n t e r s t i t i a l f i b r o s i s ,
bronchi t i s , bronchiectasis and pneumonia, and i n f l a m m a t i o n of the bronchi and larynx (Rosenberg 1974;
Z a l d i v a r 1974). \ff-f\m
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No respiratory e f f e c t s have been reported in animals a f t e r acute oral exposure to inorganic arsenic.
However, rhesus monkeys exhibited bronchopneumonia with hemorrhagic edema and necrosis a f t e r
inge s t ing 2.8 mg A s / k g / d a y for 28 days (Heywood and S o r t w e l l 1979). Mice given 0.75 mg A s / k g / d a y in
drinking water for 32 days exhibi ted an 11% increase in lung weight, s u g g e s t i n g edema, a l t h o u g h no
h i s t o p a t h o l o g y was performed ( H e a l y et al. 1998). No respiratory e f f e c t s were noted in dogs or rats or
mice a f t e r chronic oral exposure to arsenate or arsenite (Byron et al. 1967; Schroeder et al. 1968).

Organic Arsenical s

No respiratory e f f e c t s were noted a f t e r acute human ingestion of 793 m g / k g arsenic (as monosodium
methanearsenate) ( S h u m et al. 1995). Mice exhibi ted re sp iratory arrest a f t e r a s i n g l e oral dose of
489 mg/kg DMA or 963 mg/kg MMA ( K a i s e et al. 1989). Localized l ung hemorrhage was observed in
dogs a f t e r a s ingle oral dose of 14.2 m g / k g roxarsone in a c a p s u l e ( K e r r et al. 1963). No r e sp i ra t ory
e f f e c t s were seen a f t e r intermediate or chronic exposure of rats (18-20 or 2-3 m g / k g / d a y , r e s p e c t i v e l y ) or
mice (39 or 10 m g / k g / d a y , r e s p e c t i v e l y ) to roxarsone (NTP 1989b).

C a r d i o v a s c u l a r E f f e c t s

I n o r g a n i c Arsen i ca l s

A number of s tudies in humans indicate that arsenic inge s t ion may lead to serious e f f e c t s on the
cardiovascular system. Charac t e r i s t i c e f f e c t s on the heart f rom both acute and long-term expo sure i n c l u d e
altered myocardial d e p o l a r i z a t i o n (pro longed Q-T interval , n o n s p e c i f i c S-T segment change s) and cardiac
arrhythmias ( C u l l e n et al. 1995; Glazener et al. 1968; G o l d s m i t h and F r o m 1986; H e y m a n et al. 1956;
L i t t l e et al. 1990; M i z u t a et al. 1956; Moore et al. 1994). H y p e r t r o p h y of the v en t r i cu lar wal l was
observed at au top sy a f t e r acute exposure to 93 mg As (Quatrehomme et al. 1992). Long-term low-leve l
exposures may also lead to damage to the vascular system. The most dramatic e x a m p l e of t h i s is
"Blackfoot disease," a condit ion that is endemic in an area of T a i w a n where average dr ink ing water l e v e l s
of arsenic range from 0.17 to 0.80 ppm ( T s e n g 1977), corresponding to doses of about 0.014-0.065 mg
A s / k g / d a y (Abernathy et al. 1989). The disease is characterized by a progres s ive loss of c i r c u l a t i o n in the
hands and f e e t , l ead ing u l t i m a t e l y to necrosis and gangrene (Chen et al. 1988b; Chi and B l a c k w e l l 1968;
Tseng 1977, 1989; Tseng et al. 1968, 1995). Several researchers have presented evidence that other
fac t or s besides arsenic (e.g., other water contaminants, die tary d e f i c i t s ) may p l a y a role in the e t i o l o g y of
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* ' IIt th i s disease (Ko 1986; Lu et al. 1990; Yu et al. 1984). Whi l e thi s may be true, the clear associationf i ;i j I between the occurrence of Black foo t disease and the intake of elevated arsenic level s indicates that arsenic? !i j is at least a contributing factor. Moreover, e f f e c t s of arsenic on the vascular system have also been
•! reported in a number of other popu la t i on s . For example, s tudies in C h i l e indicate that inges t ion of•ii' : ; 0.6-0.8 p p m arsenic i n drinking water (corresponding t o doses o f 0.02-0.06 m g A s / k g / d a y , d epending o n

! age) increase the incidence of Raynaud's disease and of cyanosis of f i n g e r s and toes (Borgono and Greiber
) 1972; Zaldivar 1974; 1977; Zaldivar and G u i l l i e r 1977). A u t o p s y of f i v e children from thi s region who
; died of apparent arsenic t o x i c i t y showed a marked thickening of small and medium sized arteries in t i s sues
!j throughout the body, e spec ia l ly the heart (Rosenberg 1974). In addi t ion, cardiac f a i l u r e , arterial

hypot ens ion, myocardial necrosis, and thrombosis have been observed in ch i ldren who died f rom chronic
arsenic ingestion ( Z a l d i v a r 1974). Likewise, thickening and vascular occlusion of blood vessels were noted
in German vintners exposed to arsenical p e s t i c i d e s in wine and in a d u l t s who drank arsenic-contaminated
drinking water (Roth 1957; Zald ivar and G u i l l i e r 1977). Some studies of chronic human arsenic exposure
report no cardiovascular e f f e c t s (Mazumder et al. 1988; S i l v e r and Wainman 1952). S i m i l a r a l t e r a t i o n s in
vascular reactivity have been noted in rats given repeated oral doses of arsenic tr iox ide (11 mg A s / k g / d a y )
for several weeks (Bekemeier and H i r s c h e l m a n n 1989), a l t h o u g h no h i s t o l o g i c a l e f f e c t s could be detected in
the hearts of rats, mice or dogs exposed to up to 20 m g / k g / d a y As arsenate or arsenite for 2 years (Byron et
al. 1967; Schroeder and Balassa 1967; Schroeder et al. 1968).

Organic Arseni ca l s

No adverse cardiovascular e f f e c t s were noted a f t e r acute human inges t ion of 793 mg/kg arsenic (as
monosodium methanearsenate) ( S h u m et al. 1995). However, sinus tachycardia was noted a f t e r acute
inges t ion of 77 mg/kg arsenic (as dimethyl arsenic acid and dimethyl arsenate) (Lee et al. 1995). No
cardiovascular e f f e c t s were seen a f t e r intermediate or chronic exposure of rats (18-20 or 2-3 m g / k g / d a y ,
re spe c t ive ly) or mice (39 or 10 m g / k g / d a y , r e s p e c t i v e l y ) to roxarsone (NTP 1989b).

Gastro inte s t inal E f f e c t s

Inorganic Arsenical s

C l i n i c a l signs of gas tro inte s t inal irri tat ion, i n c l u d i n g nausea, vomiting, diarrhea, and abdominal pain, are
observed in e s s e n t i a l l y all cases of acute high-dose exposures to inorganic arsenic (e.g., Armstrong et al.

' " D R A F T F O R P U B L I C C O M M E N T * * *
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I 7 1984; C a m p b e l l and Alvarez 1989; C u l l e n et al. 1995; F i n c h e r and Koerker 1987; F r a n z b l a u and L i l i s
] J 1989; Goebel et al. 1990; K i n g s t o n et al. 1993; Levin-Scherz et al. 1987; Lugo et al. 1969; Moore et al.

1994). S i m i l a r signs are also f r e q u e n t l y observed in groups or i n d i v i d u a l s wi th longer-term lower-dose
exposures (e.g., Borgono and Greiber 1972; Cebrian et al. 1983; F r a n z b l a u and L i l i s 1989; H a u p e r t et al.

-} : 1996; H o l l a n d 1904; H u a n g et al. 1985; Mazumder et al. 1988; M i z u t a et al. 1956; N a g a i et al. 1956;
S i l v e r and Wainman 1952; Wagner et al. 1979; Z a l d i v a r 1974), but e f f e c t s are u s u a l l y not d e t e c t ab l e at
exposure l eve l s below about 0.01 mg A s / k g / d a y ( H a r r i n g t o n et al. 1978; V a l e n t i n e et al. 1 9 8 5 ) . T h e s e

* c•-• symptoms general ly dec l ine w i th in a short time a f t e r exposure ceases. More severe symptoms
' - " • • (hematemesis , hemoperitoneum, g a s t r o i n t e s t i n a l hemorrhage a n d necros i s) have been associated wi th

ex tremely high acute ingest ion (93 mg As/kg) or with chronic inge s t ion of 0.03-0.05 mg A s / k g as a
medicinal pr epara t i on ( L a n d e r et al. 1975; Morri s et al. 1974; Quatrehomme et al. 1992). S i m i l a r signs of
ga s t ro in t e s t ina l i r r i t a t i o n have been observed in s tud i e s in monkeys given a c o m p l e x arsenate s a l t for
2 weeks, and i n f l a m m a t i o n of the small in t e s t in e was observed a f t e r treatment for 4 weeks ( H e y w o o d and
S o r t w e l l 1979), a l t h o u g h no h i s t o l o g i c a l evidence of g a s t r o i n t e s t i n a l i n j u r y was detec ted in rats or dogs
exposed to arsenate or arsenite for 2 years at doses up to 20 or 3 mg A s / k g / d a y , r e s p e c t i v e l y (Byron et al.
1967).

Organic Arsen i ca l s

V o m i t i n g was .noted a f t e r ingestion of 793 m g / k g arsenic (as monosodium methanearsenate) in a su i c id e
at t empt ( S h u m et al. 1995). Inge s t i on of 77 mg/kg arsenic (as d i m e t h y l arsenic acid and d i m e t h y l arsenate)
induced vomiting, abdominal pain, hyperac t ive bowel, and diarrhea (Lee et al. 1995). Diarrhea and s l i g h t
congestion of the in t e s t ine s was observed in mice a f t e r a s i n g l e dose of 954 m g / k g arsenic (as

! d i m e t h y l a r s i n i c a c i d ) or 1,177 m g / k g arsenic as MMA ( K a i s e et al. 1989). V o m i t i n g and g a s t r o i n t e s t i n a l
hemorrhage was observed in dogs a f t e r a s i n g l e c a p s u l i z e d dose of 14 mg arsenic as roxarone ( K e r r et al.
1963), a l though s l i g h t l y higher doses administered for 13 weeks to rats and mice had no e f f e c t (NTP
1989b). One s tudy in rabbits indica t e s that the i n t e s t i n a l wall may be i r r i t a t e d and weakened by repeated

-- intake of MMA ( J a g h a b i r et al. 1989), but thi s one observation is not enough to s u p p o r t a f i r m conclusion.
No gas tro in t e s t inal e f f e c t s were seen a f t e r chronic exposure of rats (2-3 m g / k g / d a y ) or mice
(10 m g / k g / d a y ) to roxarsone (NTP 1989b)
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H e m a t o l o g i c a l E f f e c t s

Inorganic Arseni ca l s

Anemia and l eukopenia are common e f f e c t s of arsenic p o i s o n i n g in humans, and have been reported
f o l l o w i n g acute (Armstrong et al. 1984), intermediate ( F r a n z b l a u and L i l i s 1989; G o l d s m i t h and From
1986; Heyman et al. 1956; Mizu ta et al. 1956; W e s t h o f f et al. 1975), and chronic oral exposures (Glazener
et al. 1968; K y l e and Pease 1965; N a g a i et al. 1956; Tay and Seah 1 9 7 5 ) at 1, 0.05, or 0.03 m g / k g / d a y As,
re spec t ive ly. These e f f e c t s may be due to both a direct cy to tox i c or hemolyt i c e f f e c t on the blood c e l l s
( A r m s t r o n g et al. 1984; F i n c h e r and Koerker 1987; G o l d s m i t h and From 1986; Kyle and Pease 1965;
Lerman et al. 1980) and a s u p p r e s s i o n of e r y t h r o p o i e s i s (Kyle and Pease 1965; Lerman et al. 1980).
H e m a t o l o g i c a l e f f e c t s are u s u a l l y not observed in humans exposed to level s of 0.07 mg A s / k g / d a y or less
( C u l l e n et al. 1995; H a r r i n g t o n et al. 1978; H u a n g et al. 1985; S i l v e r and Wainman 1952; S o u t h w i c k et al.
1 9 8 1 ) , a l t h o u g h in t ermedia t e-dura t i on exposure to 0.045-0.05 m g / k g / d a y resulted in mild anemia in one
s t u d y ( M i z u t a et al. 1 9 5 6 ) and evidence of enhanced e ry thropo i e s i s ( p r e s u m a b l y in response to anemia) in
another s t u d y (Wagner et al. 1979). Chronic exposure to 0.007 m g / k g / d a y in drinking water a l s o resulted
in anemia ( M a z u m d e r et al. 1988). H e m a t o l o g i c a l e f f e c t s have also been absent in cases of acute exposure
to doses as high as 43 mg/kg when treatment has been adminis tered (Lugo et al. 1969; Moore et al. 1994).

H e m a t o l o g i c a l e f f e c t s of ingested arsenic have not been t h o r o u g h l y s tudi ed in laboratory animal s , but no
s i g n i f i c a n t hemato logi ca l e f f e c t s have been detected in monkeys exposed to 5.7 m g / k g / d a y As in arsenate
for 2 weeks ( H e y wood and S o r t w e l l 1979), or in rats or dogs exposed to up to 20 m g / k g / d a y As as arsenate
or arsenite for 1-2 years (Byron et al. 1967; Kroes et al. 1974; Schroeder et al. 1968). Rats exposed to
arsenate for 6 weeks or more had decreased a c t i v i t i e s of several enzymes involved in heme s y n t h e s i s , but
data were not provided on whether t h i s re sul ted in anemia ( W o o d s and F o w l e r 1977, 1978).

Im

Organic Arseni ca l s

No adverse hematological e f f e c t s were noted for a man who ingested 77 m g / k g As (as d ime thy l arsenic acid
and d ime thy l arsenate) (Lee et al. 1995). Several s tudie s in rats and mice have not detected any s i g n i f i c a n t
hematological e f f e c t s f rom repeated exposure (2-13 weeks) to MM A (Prukop and Savage 1986), DMA
( S i e w i c k i 1 98 1 ), or roxarsone (NTP 1 989b) at doses of 5-55 mg A s / k g / d a y . The s e data suggest that oral
exposure to organic arsenicals is u n l i k e l y to cause hematological e f f e c t s , but th i s is not certain.
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M u s c u l o s k e l e t a l E f f e c t s

Inorganic Arsen i ca l s

No studies were located regarding muscu lo ske l e ta l e f f e c t s in humans or a n i m a l s a f t e r oral e xpo sur e to
inorganic arsenicals.

Organic Arsen i ca l s

No s tud i e s were located regarding mus cu l o sk e l e t a l e f f e c t s in humans a f t e r oral expo sure to organic
arsenicals. No muscu lo ske l e ta l e f f e c t s were seen a f t e r in t ermed ia t e or chronic expo sure of rats (18-20 or
2-3 m g / k g / d a y , r e s p e c t i v e l y ) or mice (39 or 10 m g / k g / d a y , r e s p e c t i v e l y ) to roxarsone (NTP 1989b)

H e p a t i c E f f e c t s

Inorgani c Arsen i ca l s

A number of s tudie s in humans exposed to inorganic arsenic by the oral route have noted s igns or
symptoms o f h e p a t i c in jury . C l i n i c a l examination o f t e n reveals t h a t the l i v e r i s s w o l l e n and t ender
(Chakraborty and S a n a 1987; F r a n k l i n et al. 1950; Mazumder et al. 1988; M i z u t a et al. 1 9 5 6 ; S i l v e r and
Wainman 1952; W a d e and Frazer 1953; Z a l d i v a r 1974), and a n a l y s i s of b lood sometimes shows e l eva t ed
l eve l s o f hepat i c enzymes ( A r m s t r o n g e t a l . 1984; F r a n z b l a u and L i l i s 1989). 'Thes e e f f e c t s are most o f t e n
observed a f t e r chronic exposure to doses of 0.02-0.1 mg A s / k g / d a y ( C h a k r a b o r t y and S a h a 1987; F r a n k l i n
et al. 1950; Mazumder et al. 1988; S i l v e r and Wainman 1 9 5 2 ; W a d e and Frazer 1 9 5 3 ) but may a l s o occur
a f t e r acute exposures to h igher doses ( A r m s t r o n g et al. 1984; Quatrehomme et al. 1 9 9 2 ) and a f t e r chronic
exposure to lower doses ( H a u p e r t et al. 1996; Mazumder et al. 1988). However , acute expo sure to doses
of 0.02 mg/kg does not cause hepatic e f f e c t s , even in i n f a n t s ( C u l l e n et al. 1 9 9 5 ) . H i s t o l o g i c a l examination
of the livers of persons c h r o n i c a l l y exposed to s imi lar doses has revealed a cons i s t en t f i n d i n g of p o r t a l tract
f i b r o s i s (Mazumder et al. 1988; Morris et al. 1974; Piontek et al. 1989; S z u l e r et al. 1979), l e a d i n g in
some cases to por ta l hyper t en s i on and b l e e d i n g from e sophageal varices ( S z u l e r et al. 1979). Severa l
researchers consider that these h e p a t i c e f f e c t s are secondary to damage to the h e p a t i c b lood vessel s ( M o r r i s
et al. 1974; Rosenberg 1974), but t h i s is not d i r e c t l y e s t ab l i s h ed . A c u t e expo sure of monkeys to
6 m g / k g / d a y As resulted in vacuo l i za t i on of the hepatocyte s ( H e y w o o d and S o r t w e l l 1979). S t u d i e s in
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dogs or mice have not detected c l i n i c a l l y s i g n i f i c a n t h e p a t i c i n j u r y f o l l o w i n g exposure to either arsenite or K
arsenate (Byron et al. 1967; N e i g e r and Osweiler 1989; Schroeder and Balassa 1967), a l t h o u g h i|f
enlargement of the common b i l e duct was noted in rats given e i ther arsenate or arsenite for 2 years (Byron ,1.
et al. 1967). f

.•ifM.Organic Arsen i ca l s •

No adverse hepa t i c e f f e c t s were noted a f t e r inge s t i on of 793 m g / k g arsenic (as monosodium
methanearsenate) or 77 m g / k g arsenic (as d i m e t h y l arsenic acid and d i m e t h y l arsenate) in a su i c ide a t t emp t
(Lee et al. 1995; S h u m et al. 1995). Generalized icterus was reported in dogs a f t e r acute exposure to
roxarsone (Kerr et al. 1963). Some small f l u c t u a t i o n s in l iver weight have been noted in rats and mice a f t e r
intermediate oral exposure to roxarsone, but the t o x i c o l o g i c a l s i g n i f i c a n c e of t h i s is not clear and is not
observed a f t e r chronic exposure of rats and mice to lower doses (NTP 1989b). H i s t o l o g i c a l examination of
liver f rom rabbi t s given repeated oral doses of MMA showed d i f f u s e i n f l a m m a t i o n and h e p a t o c e l l u l a r
degeneration ( J a g h a b i r et al. 1989), but the l e s i on s were not severe. No e f f e c t s were observed in rats
exposed to DMA ( S i e w i c k i 1 9 8 1 ) . T h e s e d a t a sugges t that organic ar s en i ca l s may cause mild i n j u r y to the
liver, but the data are too l i m i t e d to draw f i r m conc lu s ions .

Renal E f f e c t s

Inorgani c Arseni ca l s

Most case s t u d i e s of acute and chronic arsenic t o x i c i t y do not report c l i n i c a l s igns of s i g n i f i c a n t renal
i n j u r y , even when other systems are severely impaired (e.g., C u l l e n et al. 1995; F r a n z b l a u and L i l i s 1989;
Jenkins 1966; K e r s j e s et al. 1987; M i z u t a et al. 1956; S i l v e r and Wainman 1952). In some cases, elevated
serum leve l s of creatinine or b i l i r u b i n have been noted ( A r m s t r o n g et al. 1984; Lev in-Scherz et al. 1987;
Moore et al. 1994), and mild pro t e inur ia may occur ( A r m s t r o n g et al. 1984; Glazener et al. 1968; Tay and
Seah 1975). In rare cases, renal f a i l u r e may occur (e.g., F i n c h e r and Koerker 1987; Lugo et al. 1 9 6 9 ) ,
p r o b a b l y as a result of f l u i d imbalances or vascular i n j u r y (Rosenberg 1974; Z a l d i v a r 1974). Glomeru lar
congestion has been observed a f t e r a acute exposure to high doses (Quatrehomme et al. 1992). S t u d i e s in
animals also indicate that the kidney is not a major target organ (Byron et al. 1967; Schroeder and Balas sa
1967; W o o d s and S o u t h e r n 1989), a l t h o u g h some mild h i s t o l o g i c a l changes in renal t ubu l e s of monkeys
exposed to arsenate for 2 weeks was noted by Hey wood and S o r t w e l l ( 1 9 7 9 ) , and some mild a l t e r a t i o n s in
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renal mitochondria in rats exposed to arsenate for 6 weeks were noted by Brown et al. ( 1 9 7 6 ) . T h e s e data
suggest that the kidney is r e l a t i v e l y less sensit ive to arsenic than most other organ sys t ems , and renal
e f f e c t s are unl ike ly to be of concern except secondary to f l u i d imbalances or c a r d i o v a s c u l a r i n j u r y .

Organic Arsenica l s

No adverse renal e f f e c t s were noted a f t e r inges t ion of 793 m g / k g arsenic (as monosodium methanearsenate)
in a suicide a t t empt ( S h u m et al. 1995). Hematuria and congested kidneys have been observed in dogs a f t e r
acute exposure, and tubu lar degeneration and necrosis have been noted in rats (but not mice) given repeated
oral doses of roxarsone (up to 20 m g / k g / d a y As) ( A b d o et al. 1989; Kerr et al. 1963; NTP 1989b).
Oligouria was noted a f t e r acute exposure and i n t e r s t i t i a l n e p h r i t i s and t u b u l a r n ephro s i s have been noted in
rabbits given repeated oral doses of MMA ( J a g h a b i r et al. 1989). However, no renal i n j u r y was observed
in rats and mice chron i ca l ly exposed to roxarsone at lower doses (2-10 m g / k g / d a y As) (NTP 1989b).
T h e s e data suggest that organic ar s enical s can lead to s i g n i f i c a n t renal i n j u r y , a l t h o u g h the minimal dose is
not well d e f i n e d .

Endocrine E f f e c t s

I n o r g a n i c A r s e n i c a l s

Very l i t t l e has been written about the e f f e c t s of oral exposure to arsenic on endocrine g l a n d s . In a report of
the a u t o p s y of f i v e c h i l d r e n who died in C h i l e a f t e r chronic expo sure to arsenic in the d r i n k i n g water,
arterial th i ckening in pancreas was noted (Rosenberg 1974). No s t u d i e s in a n i m a l s were f o u n d in which
e f f e c t s of oral exposure to inorganic arsenic on endocrine organs were d e s c r i b ed .

Organic Arsen i ca l s

No studies of e f f e c t s of organic arsenic compounds on human endocrine g l a n d s were f o u n d . No adverse
e f f e c t s were seen in the adrenal or p i t u i t a r y g l a n d s , t h y r o i d , or pancreas a f t e r i n t e r m e d i a t e or chronic
exposure of rats (18-20 or 2-3 m g / k g / d a y , r e s p e c t i v e l y ) or mice (39 or 10 m g / k g / d a y , r e s p e c t i v e l y ) to
roxarsone (NTP 1989b).
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Dermal E f f e c t s

Inorgani c A r s e n i c a l s

One of the most common and characteri s t ic e f f e c t s of arsenic i n g e s t i o n is a pat tern of skin changes that
inc lude generalized h y p e r k e r a t o s i s and f o r m a t i o n of hyperkera to t i c warts or corns on the p a l m s and soles ,
along with areas of h y p e r p i g m e n t a t i o n interspersed with smal l areas of h y p o p i g m e n t a t i o n on the fa c e , neck,
and back. Thes e and other dermal e f f e c t s have been noted in a large m a j o r i t y of human s tud i e s i n v o l v i n g
intermediate- or chronic-duration oral exposure (e.g., Bickley and Papa 1989; Borgono and Greiber 1972;
Borgono et al. 1980; Cebrian et al. 1983; Chakraborty and Saha 1987; Foy et al. 1992; F r a n k l i n et al. 1950;
F r a n z b l a u and L i l i s 1989; H u a n g et al. 1985; H a u p e r t et al. 1996; Lander et al. 1975; Luchtrath 1983;
Mazumder et al. 1988; Mizuta et al. 1956; Morris et al. 1974; N a g a i et al. 1956; Piontek et al. 1989;
Rosenberg 1974; Saha and Poddar 1986; S i l v e r and Wainman 1952; S z u l e r et al. 1979; Tay and Seah 1975;
T s e n g et al. 1968; W a d e and Frazer 1953; Wagner et al. 1979; Zald ivar 1974, 1977). In cases of low-level

>- chronic exposure ( u s u a l l y from water), these skin lesions appear to be the most sensitive indication of e f f e c t ," so this end point is considered to be the most a p p r o p r i a t e basis for e s t a b l i s h i n g a chronic oral MRL.
However, other e f f e c t s ( h e p a t i c i n j u r y , vascular disease, neurological e f f e c t s ) also appear to have s imilar
thr e sho ld s . As shown in T a b l e 2-3 and F i g u r e 2-3, numerous s tud i e s in humans have reported dermal e f f e c t s
at chronic dose l e v e l s rang ing f r o m about 0.01 to 0.1 mg A s / k g / d a y ( B i c k l e y and Papa 1989; Borgono and
Greiber 1972; Borgono et al. 1980; Cebrian et al. 1983; Chakraborty and Saha 1987; F r a n k l i n et al. 1950;
H u a n g et al. 1985; Luchtra th 1983; Mazumder et al. 1988; Piontek et al. 1989; S i l v e r and Wainman 1952;
T s e n g et al. 1968; Z a l d i v a r 1974, 1977). Severa l e p i d e m i o l o g i c a l s t u d i e s of modera t e ly sized p o p u l a t i o n s
(20-200 p e o p l e ) exposed to arsenic through d r i n k i n g water have detec ted no dermal or other e f f e c t s at
average chronic doses of 0.0004-0.01 mg A s / k g / d a y (Cebrian et al. 1983; H a r r i n g t o n et al. 1978; Mazumder v
et al. 1988; S o u t h w i c k et al. 1981; V a l e n t i n e et al. 1985), and one very large s t u d y (based on 17,000 p e o p l e )
detec t ed no e f f e c t s in any person at an average total d a i l y intake ( f r o m water p l u s f o o d ) of 0.0008 mg

^ A s / k g / d a y ( T s e n g et al. 1968). T h i s value has been used to ca l cu la t e a chronic oral MRL for inorganic
arsenic of 0.0003 m g / k g / d a y , as described in f o o t n o t e b in T a b l e 2-3. However, a recently pub l i shed s tudy
indicates that children in T h a i l a n d exposed to arsenic, tin, and tungs t en may exhibit this e f f e c t of arsenic
exposure at an average level of 0.0008 mg A s / k g / d a y ( F o y et al. 1992). ./
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Another prominent dermal e f f e c t associated with chronic inge s t i on of inorganic arsenic is skin cancer. As
discussed in greater de tai l in Sec t i on 2.2.2.8 (below), some of these skin cancers may evolve f rom the
hyperkeratot ic corns or warts, while the areas of altered p i g m e n t a t i o n are not considered to be precancerous
(EPA 1988e).

Dermal les ions s imilar to those observed in humans have not been noted in oral exposure s tud i e s in
monkeys (Heywood and S o r t w e l l 1979), dogs (Byron et al. 1967), or rodents (Schro ed er et al. 1968).

Organic Arsenica l s

No studies were located regarding dermal e f f e c t s in humans or an imal s a f t e r oral e xpo sure to organic
arsenicals.

Ocular E f f e c t s

Inorgani c Arsen i ca l s

No studies were located regarding ocular e f f e c t s in humans or an imal s a f t e r oral exposure to inorganic
arsenicals.

Organic Arsenical s

No s tudie s were located regarding ocular e f f e c t s in humans or a n i m a l s a f t e r oral exposure to organic
arsenicals.

2.2.2.3 I m m u n o S o g i c a l E f f e c t s

Inorgani c Arsenica l s

No studies were located regarding immunological e f f e c t s in humans a f t e r oral exposure to inorganic
arsenicals. No evidence of immunosuppre s s ion was detected in mice exposed to arsenate at l e v e l s up to
100 ppm (20 mg A s / k g / d a y ) ( K e r k v l i e t et al. 1980).

• D R A F T F O R P U B L I C C O M M E N T * * *



Ir
A R S E N I C 9 4 . ' . 'fa

2. HEALTH EFFECTS . ' f
~$'»M-Organic Arsenical s ;

No studies were located regarding immunological e f f e c t s in humans or animals a f t e r oral exposure to
organic arsenicals.

2.2.2.4 N e u r o l o g i c a l E f f e c t s

Inorganic Arsenicals

A large number of ep id emio l og i ca l s tud i e s and case report s i n d i c a t e that inge s t i on of inorganic arsenic can
cause i n j u r y to the nervous system. Acut e , h igh-dose exposures (1 mg A s / k g / d a y or above) o f t e n lead to
e n c e p h a l o p a t h y , with signs and symptoms such as headache, l e t h a r g y , mental c o n f u s i o n , h a l l u c i n a t i o n ,
seizures, and coma (Armstrong et al. 1984; Danan et al. 1984; F i n c h e r and Koerker 1987). Repor t s of
high-level acute exposure i n d i c a t e an absence of neurological e f f e c t s when treatment is administered
(Moore et al. 1994). Intermed ia t e- and chronic-duration exposures to lower l eve l s (0.05-0.5 mg
A s / k g / d a y ) are t y p i c a l l y characterized by a symmetrical p e r i p h e r a l neuropathy ( F r a n z b l a u and L i l i s 1989;
H u a n g et al. 1985; M i z u t a et al. 1956; S i l v e r and Wainman 1952; Wagner et al. 1979). T h i s neuropathy
u s u a l l y begins as a numbness in the hands and f e e t , but la t er may d e v e l o p into a p a i n f u l "pins and needles"
sensation. Both sensory and motor nerves are a f f e c t e d , and muscle weakness o f t e n d e v e l o p s , sometimes
leading to wri s t-drop or ankle-drop ( C h h u t t a n i et al. 1967; H e y m a n et al. 1956). H i s t o l o g i c a l examination
of nerves from a f f e c t e d i n d i v i d u a l s reveals a dying-back a x o n o p a t h y wi th d e m y e l i n a t i o n (Goebel et al.
1990; H i n d m a r s h and M c C u r d y 1986). Some recovery may occur f o l l o w i n g cessation of exposure, but
t h i s is a slow process and recovery is u s u a l l y i n c o m p l e t e ( F i n c h e r and Koerker 1987; LeQuesne and
McLeod 1977; M u r p h y et al. 1 9 8 1 ) . No neurological e f f e c t s could be detected in p o p u l a t i o n s c h r o n i c a l l y
exposed to doses of 0.01 mg A s / k g / d a y or less ( H a r r i n g t o n et al. 1978; H i n d m a r s h et al. 1977; S o u t h w i c k
et al. 198 1 ; V a l e n t i n e et al. 1 985). N e u r o l o g i c a l e f f e c t s have not been reported in dogs or monkeys
chronical ly exposed to arsenate or arsenite by the oral route (Byron et al. 1967; Hey wood and S o r t w e l l
1979).

The highest NOAEL values and all r e l iab l e LOAEL values for neurological e f f e c t s f rom inorganic arsenic
in each species and durat ion category are recorded in T a b l e 2-3 and p l o t t e d in F i g u r e 2-3.
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Organic Arsen i ca l s

No s tudie s were located regarding neurological e f f e c t s in humans a f t e r oral exposure to organic arsenicals.
However, several s tudies in p i g s indicate that repeated oral doses of roxarsone (0.87-5.8 mg A s / k g / d a y for
1 month) can cause s i g n i f i c a n t neurotoxic i ty (Edmonds and Baker 1986; Rice et al. 1985). The main signs
were muscle tremors, p a r t i a l p a r a l y s i s , and seizures. H i s t o l o g i c a l examinations of the s p i n a l cord revealed
a time-dependent degeneration of myel in and axons ( K e n n e d y et al. 1986). S u c h prominent signs of
neurological e f f e c t s were not detected in rats or mice exposed to roxarsone, a l t h o u g h sugge s t iv e evidence of
neurological e f f e c t s (hyper ex c i t ab i l i ty , ataxia, trembl ing) was noted in rats at the highest dose
(11.4 mg A s / k g / d a y ) (NTP 1989b). T h e s e d a t a (shown in T a b l e 2-4 and F i g u r e 2-4) suggest that organic
arsenical s (at least the ph eny l arsenates) are neurotoxic at h igh doses.

2.2.2.5 Reproduc t iv e E f f e c t s

I n o r g a n i c A r s e n i c a l s

Only one s t u d y was located regarding r e p r o d u c t i v e e f f e c t s in humans a f t e r oral expo sure to inorganic
arsenical s , and only one s t u d y of r eproduc t i v e f u n c t i o n has been p e r f o r m e d in a n i m a l s . Lugo et al. ( 1 9 6 9 )
reported a case of a mother who inges ted inorganic arsenic (Cowley's Rat and Mouse Poi s on). A 17-year-
old f e m a l e was admi t t ed for treatment of acute renal f a i l u r e 24 hours a f t e r she inge s t ed a p p r o x i m a t e l y
30 mL of arsenic t r i o x i d e (0.39 mg A s / k g ) . P e l v i c examinat ion was conducted c o n f i r m i n g a 30-week
uterine pregnancy. She went into labor and de l ivered a l i v e f e m a l e i n f a n t w e i g h i n g 2 p o u n d s , 7 ounces w i th
a 1-minute A p g a r score of 4. The infant's c l i n i c a l c o n d i t i o n de t e r i ora t ed and she died at 11 hours of age.

In the animal s t u d y (a 3-generation s t u d y in mice given sod ium arseni te in d r i n k i n g water at an average
dose of 1 mg A s / k g / d a y ) , no s i g n i f i c a n t e f f e c t s were detected on a number of r e p r o d u c t i v e parameter s ,
a l though a trend toward a decreased number of p u p s per l i t t e r and s l i g h t l y al tered m a l e : f e m a l e sex ratio
were observed (Schroeder and M i t c h n e r 1971). In the absence of any f u r t h e r da ta , it i s difficult to j u d g e
whether these e f f e c t s are either s t a t i s t i c a l l y or b i o l o g i c a l l y s i g n i f i c a n t . H e a l y et al. ( 1 9 9 8 ) observed an 8%
decrease in t e s t i s weight in mice exposed to 0.0085 mg A s / k g / d a y in the d r i n k i n g water for 32 days.
However, no f u n c t i o n a l t e s t s were conducted.
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&.. Organic Ars en i ca l s
! '

No studies were located regarding reproduc t ive e f f e c t s in humans a f t e r oral exposure to organic arsenicals.
M a l e and f e m a l e mice dosed with MMA (55 mg As/kg/day) prior to mating and during pregnancy
produced fewer l i t t e r s than normal, an e f f e c t which was a t t r i b u t a b l e mainly to decreased f e r t i l i t y of the
males (Prukop and Savage 1986). T h i s observation (shown in F i g u r e 2-4 and summarized in T a b l e 2-4)
sugges t s that spermatogenesi s or sperm f u n c t i o n might be impaired by organic arsenicals, but thi s was not
s tudied d i r e c t l y .

2.2.2.6 Deve l opmenta l E f f e c t s

I n o r g a n i c Arsen i ca l s

Whether inge s t ion of inorganic arsenic may cause d ev e l opmen ta l e f f e c t s in humans has not been
ex t en s iv e ly inve s t iga t ed . Lugo et al. ( 1 9 6 9 ) reported a case of a mother who ingested inorganic arsenic
(Cowley's Rat and Mouse Poi son) at 30 weeks of ge s ta t ion. She went into labor and delivered a l ive f e m a l e
i n f a n t we ighing 2 pound s , 7 ounces with a 1 -minute A p g a r score of 4. The infant's c l in i ca l condi t ion
deteriorated wi th frequent ep i sode s of apnea and b r a d y c a r d i a ; subsequent venous blood gas determinations
documented h y p o x i a , hypercapnea, and ac ido s i s . The i n f a n t died at 11 hours of age. A u t o p s y performed
8 hours a f t e r death showed organ immatur i ty , generalized pe t e ch ia l hemorrhages, and hyal ine membrane
disease. Severe in tra-a lveo lar pu lmonary hemorrhage was remarkable. No overall association between
arsenic in dr inking water and congenital heart d e f e c t s was detected in a case-control s tudy in Boston
(Zier l er et al. 1988), a l t h o u g h an as sociat ion with one s p e c i f i c lesion (coarctation of the aorta) was noted.
Due to the smal l number of cases (665 c on tro l s and 270 cases), t h i s a s soc iat ion might be due to random
variation. In a s imi lar case-control s t udy , a marginal as soc iat ion (not s t a t i s t i c a l l y s i g n i f i c a n t ) was noted
between d e t e c t ab l e l eve l s of arsenic in dr inking water and the occurrence of spontaneous abortion
(Aschengrau et al. 1989). However, a s imi lar as sociat ion was noted for mercury, potas s ium, s i l i ca , and
water hardness, and a decreased incidence of abortion was associated wi th s u l f a t e , ni trate , and a l k a l i n i t y .
T h i s pa t t e rn of divergent a s soc ia t ions for m u l t i p l e contaminant s sugges t s that at least some of the apparent
associat ions may be random, or may be due to covariation wi th other risk fac tor s . T h u s , neither of these
s t ud i e s provides convincing evidence that inge s t i on of arsenic, at least at the l eve l s u s u a l l y encountered in
dr inking water, causes d e v e l o p m e n t a l t o x i c i t y in humans.
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S t u d i e s in animals, however, do support the view that high doses of ingested arsenic may be f e t o t o x i c and
weakly teratogenic. A low incidence (0.5-5%) of f e t a l m a l f o r m a t i o n s ( m o s t l y s k e l e t a l d e f e c t s ) was noted
in mice exposed dur ing pregnancy to 23-68 mg A s / k g / d a y of sodium ar s eni t e ( B a x l e y et al. 1 9 8 1 ; Hood et
al. 1978). No t era togeni c i ty was observed in hamsters exposed to 14 mg A s / k g / d a y of sodium arseni t e
( H o o d and Harri son 1982), but there was an increased incidence of f e t a l m o r t a l i t y , p e r h a p s as a
consequence of severe maternal t o x i c i t y (12-36% of the dams d i e d ) ( B a x l e y et al. 1 9 8 1 ; H o o d and
Harri son 1982). T h e s e s tud i e s (shown in T a b l e 2-3 and F i g u r e 2-3) ind i ca t e tha t the f e t u s may be a f f e c t e d
by ingested arsenic but suggest that the f e t u s is not more s u s c e p t i b l e to arsenic than is the mother.

Organic Arsen i ca l s

No s tudie s were located r egard ing d e v e l o p m e n t a l e f f e c t s in humans a f t e r oral e xpo sur e to organic
arsenicals. However, e f f e c t s on f e t a l d eve lopment ( m a l f o r m e d p a l a t e , reduced f e t a l w e i g h t , d e l a y e d
o s s i f i c a t i o n , increased f e t a l m o r t a l i t y ) have been observed in rats and mice given repea t ed oral doses of
DMA dur ing g e s t a t i o n (Rogers et al. 1 9 8 1 ) . T h e s e f i n d i n g s (summarized in T a b l e 2-4 and shown
F i g u r e 2-4) suggest that high doses of organic arsenicals may have s i g n i f i c a n t d e v e l o p m e n t a l t o x i c i t y , but
the da ta are too l i m i t e d to draw broad conclus ions .

2.2.2.7 G e n o t o x i c E f f e c t s

I n o r g a n i c A r s e n i c a l s

I n v e s t i g a t i o n s o f genotoxic e f f e c t s o f inges t ed arsenic have y i e l d e d mixed r e s u l t s . In humans expo s ed to
Fowler ' s s o l u t i o n ( p o t a s s i u m arseni t e , u s u a l l y taken a t a dose o f about 0 .3 mg A s / k g / d a y [Holland 1 9 0 4 ] ) ,
increased s i s t er chromatid exchange, but no increase in chromosomal aberrat ions was reported in one s t u d y
(Burgdor f et al. 1977), whi l e j u s t the converse (increased aberrat ions but no increase in s i s t e r chromat id
exchange) was reported in another ( N o r d e n s o n et al. 1979). In animal s t u d i e s , an increased inc idence of
chromosomal abnormal i t i e s was detected in rats given oral doses of s od ium arsenate (4 mg As/kg/day) for
2-3 weeks ( D a t t a et al. 1986), but no consi s t ent increase in chromosomal aberrat ions was de t e c t ed in bone
marrow c e l l s or s p e rmatogon ia f r o m mice given sodium arseni te (about 50 mg A s / k g / d a y ) for up to
8 weeks (Poma et al. 1987). T h e s e s t u d i e s sugges t that ingested arsenic may cause chromosomal e f f e c t s ,
but these data are too l imi t ed to draw a f i r m conclus ion. Other g e n o t o x i c i t y s t u d i e s on inorganic a r s e n i c a l s
are di scus sed in S e c t i o n 2.5.
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Organic A r s e n i c a l s

No s t ud i e s were located regarding genotoxic e f f e c t s in humans a f t e r oral exposure to organic arsenicals. An
increased number of DNA strand breaks were detected in lung and other tissues of mice given oral doses of
DMA (Yamanaka et al. 1989a), an e f f e c t that appeared to be related to the f ormat i on of some active oxygen
species. The s e breaks were large ly repaired within 24 hours, so the relevance with respect to health risk is
uncertain. Other geno tox i c i ty s tudie s on organic arsenicals are discussed in Sect ion 2.5.

2.2.2.8 Cancer

Inorganic Arsenical s

There is convincing evidence from a large number of ep id emio l og i ca l s tud i e s and case reports that inges t ion
of inorganic arsenic increases the risk of d e v e l o p i n g skin cancer (Alain et al. 1993; Bickley and Papa 1989;
Cebrian et al. 1983; H s u e h et al. 1995; L u c h t r a t h 1983; Morris et al. 1974; Piontek et al. 1989; Sommers
and McManus 1953; Tay and Seah 1975; Tseng'1977; T s e n g et al. 1968; Zald ivar 1974; Zald ivar et al.
1981). Lesions commonly observed are m u l t i p l e squamous cell carcinomas, which appear to d e v e l o p f rom
some of the hyperkerato t i c warts or corns described in Sect ion 2.2.2.2. In addi t i on , m u l t i p l e basal cell
carcinomas may occur, t y p i c a l l y ari s ing f rom c e l l s not associated with hyperkerat inizat ion. In most cases,
skin cancer d e v e l o p s only a f t e r pro longed exposure, but several s tud i e s have reported skin cancer in p e o p l e
exposed for less than a year (Reymann et al. 1978; Wagner et al. 1979). A l t h o u g h both t y p e s of skin cancer V
can be removed s u r g i c a l l y , they may d e v e l o p into p a i n f u l l e s i ons that may be f a t a l if left untreated (Shannon /
and Strayer 1989).

A number of s t u d i e s which i d e n t i f y CEL values in exposed humans are summarized in T a b l e 2-3 and shown
in F i g u r e 2-3. The EPA reviewed the s tud i e s that provided dose-response data on the risk of skin cancer
(EPA 1988e) and concluded that the most u s e f u l s tudy for the purpo s e s , of quanti tat ive risk assessment was
the ecologic ep id emio l ogy s tudy by T s e n g et al. (1968). In this s tudy, the incidence of skin cancer was
measured as a f u n c t i o n of exposure level in over 40,000 p e o p l e r e s id ing in 37 v i l l a g e s in Taiwan. Based
upon pooled data and average well concentrations for each v i l lage in the Tseng et al. ( 1 9 6 8 ) s tudy, the EPA
ca l cu la t ed a unit risk (the upper-bound excess cancer risk f rom l i f e t i m e exposure to water containing 1 ug
As/L) of 5 x 1 0 5 (IRIS 1998). The average d a i l y doses (expres sed as mg A s / k g / d a y ) that correspond to
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excess cancer risks of I x l O " 4 to I x l O " 7 are shown in Figur e 2-3. The s t u d y d e s i gn l imited it u s e f u l n e s s to
derive precise risk es t imates.

The use of a cancer risk e s t imate derived f rom the T s e n g et al. ( 1 9 6 8 ) s t u d y for a U.S. p o p u l a t i o n has been
the source of intense debate. A number of concerns have been raised i n c l u d i n g the adequacy of the model
used by EPA and the accuracy and r e l i a b i l i t y of the exposure data (Brown et al. 1997); a number of host and **
environmental f a c t o r s among the Taiwane s e not a p p l i c a b l e elsewhere ( C a r l s o n - L y n c h et al. 1994); a \/
p o s s i b l e thre shold for arsenic carcinogenici ty and nonlineari t i e s in the dose-response curve (Abernathy et al. v
1996; S l a y t o n et al. 1996); d i f f e r e n c e s in health and nutrition between T a i w a n and the Uni t ed S t a t e s , which \/
might increase cancer risk in Taiwan (Beck et al. 1 9 9 5 ) ; the l ik e ly p o s s i b i l i t y that arsenic is an e s s ent ia l

Vnutrient at lower doses (EPA 1988e); and the p o s s i b i l i t y of s i g n i f i c a n t expo sure to arsenic f rom sources
vother than the well water ( C h a p p e l l et al. 1997).

Several ep idemio log i ca l s tudie s per formed in the Uni t ed S t a t e s have not detected an increased frequency of
skin cancer in smal l p o p u l a t i o n s consuming water conta ining arsenic at l e v e l s of around 0.1-0.2 ppm
( G o l d s m i t h et al. 1972; Harr ing ton et al. 1978; Morton et al. 1976; S o u t h w i c k et al. 1 9 8 1 ) . T h e s e data v
suggest that arsenic-associated skin cancer is not a common p r o b l e m in thi s country, but these s t u d i e s lacked
s u f f i c i e n t s t a t i s t i c a l power to detect small increases in skin cancer incidence that might have occurred at /
these low doses ( A n d e l m a n and Barnett 1983).

More recently, W o n g et al. ( 1 9 9 2 ) report no evidence of skin cancer in a U . S . cohort. An ecologic s t u d y of \/
skin cancer incidence rates was conducted f rom January 1980 through J u n e 1986 in r e s id en t s of f o u r
counties in Montana. The two counties considered to be exposed to arsenic were Deer Lodge, c o n t a i n i n g the
former Anaconda copper smelter, and S i l v e r Bow, containing an open pit c o p p e r mine. R e s i d e n t s in these
counties had p o t e n t i a l exposure to arsenic and other heavy me ta l s . G a l l a t i n and Park countie s served as
controls. Data were collected from p a t h o l o g y services and d e r m a t o l o g i s t s in these f o u r counties. In
add i t i on , all skin cancer cases f rom f o u r d e r m a t o l o g i s t s p r a c t i c i n g in urban referral areas ou t s id e the counties
were reviewed. The age-adju s t ed annual skin cancer rates were higher for the two control counties as
compared to either the county with the former smelter, Deer Lodge , or the county wi th the mine, S i l v e r Bow.
The clinical f ea tur e s of the skin cancers in the exposed countie s were not s i m i l a r to those described for
arsenic-related skin cancer. One of the common t y p e s of skin cancer associated with arsenic exposure
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(squamous cell carcinoma) was only observed in 2 cases in the unexposed p o p u l a t i o n . The overall skin
cancer incidence rates for the exposed counties were well within the range of skin cancer rates observed for
other lo ca t ions in the Uni t ed S t a t e s . The re su l t s could not be e x p l a i n e d by d i f f e r e n c e s in ascertainment,
l a t i t u d e , or a l t i t u d e . A par t ia l e x p l a n a t i o n could be the d i f f e r e n c e in outdoor employment . There was a
higher percentage of "outside" occupations in the two nonexposed counties (9 and 15%) compared to the
2 exposed counties (both at 1 %). The authors s tate that the power of the s t u d y was adequate to detect a
r e l a t i v e l y small increase in skin cancer, if one exi s ted.

In a d d i t i o n to the risk of skin cancer, there is mounting evidence that inges t ion of arsenic may increase the
risks of internal cancers as we l l . Many case s tud i e s have noted the occurrence of internal tumors of liver
and other t i s sues in p a t i e n t s with arsenic-induced skin cancer (Falk et al. 1 9 8 1 b ; K a s p e r et al. 1984; Koh et
al. 1989; Lander et al. 1975; Regelson et al. 1968; Sommers and M c M a n u s 1953; Tay and Seah 1975;
Z a l d i v a r et al. 1 9 8 1 ) . T h e s e s tud i e s are s u p p o r t e d by more recent large-scale e p i d e m i o l o g i c a l s tud i e s in
T a i w a n , where clear a s soc ia t ions a n d / o r dose response trends have been detected for tumors of b ladder ,
kidney, l iver , and lung (Chen and Wang 1990; Chen et al. 1985, 1986, 1988a, 1988b, 1988c, 1992; C h i a n g
et al. 1988; Chiou et al. 1995; Wu et al. 1989). Other s t u d i e s in the l i t e r a t u r e suggest the associations are
not as clear-cut (Bates et al. 1995; Chow et al. 1997; Cuzick et al. 1992). The EPA has not yet ca l cu la t ed
a unit risk value or s l o p e f a c t o r for arsenic-induced internal tumors.

More recently, Chen et al. ( 1 9 9 2 ) compared risk of various internal organ cancers induced by ingested
inorganic arsenic and assessed the d i f f e r e n c e s in risk between males and f emal e s . Cancer potency indices
were c a l c u l a t e d u s ing m o r t a l i t y rates among re s ident s in an endemic area of chronic arsenicism on the
southwest coast of T a i w a n , and with the use of the A r m i t a g e - D o l l m u l t i s t a g e model. Based on a t o ta l of
898,806 person-years, a s i g n i f i c a n t dose-response r e l a t i o n s h i p was observed between arsenic level in
dr ink ing water and m o r t a l i t y f rom the cancers. Elevated m o r t a l i t y rates were associated with a variety of
cancers i n c l u d i n g 202 l iver cancers (140M, 62F), 304 lung cancers ( 1 6 9 M , 135F), 202 b l a d d e r cancers
(97M, 105F) and 64 kidney cancers (30M, 34F). The po t ency index of d e v e l o p i n g cancer of the l iver,
l u n g , b l a d d e r , and kidney due to an intake of 10 u g / k g / d a y of arsenic was estimated as 4.3xlO" 3, 1.2xlO" 2 ,
1 . 2 x l O ' 2 , a n d 4 . 2 x ! 0 ' 3 , r e s p e c t i v e ly , f o r males; a n d 3 . 6 x l O ' 3 , 1 . 3 x l O ' 2 , 1 . 7 x l O ' 2 , a n d 4 . 8 x ! 0 ' 3 , r e spec t ive ly,
for f e m a l e s in the s t u d y area.

Chiou et al. ( 1 9 9 5 ) conducted a 7-year p r o s p e c t i v e cohort s t u d y in 4 t o w n s h i p s in Taiwan to monitor the
occurrence of internal cancers and ingested inorganic arsenic in drinking water (0-1.14 mg/L or 0-1.14
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p p m ) . A dose-response r e l a t i o n s h i p was also observed between long-term arsenic exposure f r o m dr ink ing
artesian well water and the incidence of lung cancer, b l a d d e r cancer, and cancers of all s i te s combined for
age, sex, and cigarette smoking. Black foo t p a t i e n t s had a s i g n i f i c a n t l y increased cancer incidence a f t e r
ad ju s tment for cumulative arsenic exposure.

Chow et al. ( 1 9 9 7 ) evaluated the incidence of b ladder cancer in an area of chronic arsenic (As) exposure
and compared the h i s t o p a t h o l o g i c a l characteri s t ic s of As-as soc ia t ed (n=49) and other b l a d d e r cancers
(n=64). A higher h i s t o l o g i c a l grading was observed for the As-exposed tumors (p=0.04) but no other
d i f f e r e n c e in p a t h o l o g i c a l f ea ture s or prognosi s was f o u n d between the two groups.

/S m i t h et al. ( 1 9 9 2 ) used the large T a i w a n p o p u l a t i o n and high arsenic l e v e l s in well water (170-800 ug/L) v
to e s t a b l i s h dose-response r e l a t i o n s h i p s between cancer risks and the concentrat ion of inorganic arsenic
n a t u r a l l y present in water s u p p l i e s . It was estimated that at the current EPA standard of 50 ug/L, the
l i f e t i m e risk of d y i n g f rom cancer of the l iver , lung , kidney, or b l a d d e r f r o m dr ink ing 1 L / d a y of water
could be as high as 13 per 1,000 persons. It has been e s t imated that more than 350,000 p e o p l e in the
United S t a t e s may be s u p p l i e d with water c o n t a i n i n g more than 50 p g / L arsenic, and more than 2.5 m i l l i o n
p e o p l e may be s u p p l i e d wi th water with l eve l s above 25 u g / L . For average arsenic l e v e l s and water
con sumpt ion p a t t e r n s in the Uni t ed S t a t e s , the risk e s t imate was around 1/1 ,000 . I n g e s t i o n of arsenic, both
f rom water s u p p l i e s and medicinal pr epara t i on s , is known to cause skin cancer. The authors s ta t e that the
evidence assessed here indicat e s that arsenic can also cause l iver , l u n g , k idney, and b l a d d e r cancer and tha t
the p o p u l a t i o n cancer risks due to arsenic in U.S. water s u p p l i e s may be c omparab l e to those f r o m
environmental tobacco smoke and radon in homes. A l t h o u g h f u r t h e r research is needed to v a l i d a t e these
f i n d i n g s , the authors believed that measures to reduce arsenic l e v e l s in water s u p p l i e s shou ld be considered.

In a s imi lar vein, Moore et al. ( 1 9 9 7 ) report the r e su l t s f r o m a cros s- sec t ional biomarker s t u d y in a C h i l e a n
male p o p u l a t i o n c h r o n i c a l l y exposed to high and low arsenic l e v e l s in t h e i r dr ink ing water (average
concentrations, 600 and 15 (ag As/L, r e s p e c t i v e l y ) . A f luor e s c en t version of the e x f o l i a t e d b l a d d e r c e l l
micronucleus (MN) assay was used e m p l o y i n g f luore s c ence in situ h y b r i d i z a t i o n wi th a centromeric probe
to i d e n t i f y the presence (MN+) or absence (MN-) of whole chromosomes wi th in micronuclei to i n v e s t i g a t e
the mechanism of arsenic-induced g e n o t o x i c i t y in vivo. The r e s u l t s showed an e xpo sur e-dependen t
increase in prevalence of micronucleated c e l l s and suggested that chromosome breakage was the major
cause of MN f o r m a t i o n . Prevalence of to ta l MN, MN+, and MN- returned to ba s e l ine l ev e l s for urinary
arsenic in the highest group (729-1,894 u g / L ) , perhaps due to cyto s tas i s or cy to t ox i c i ty . Inorganic arsenic
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is an e s tab l i sh ed cause of lung and skin cancer. T h e s e result s add a d d i t i o n a l weight to the h y p o t h e s i s that
inge s t ing arsenic-contaminated water enhances b l a d d e r cancer risk and suggest that arsenic induces genetic
damage to b ladder c e l l s at drinking water levels close to the current U . S . Maximum Contaminant Level
(MCL) of 50 Mg/L for arsenic.

Yu et al. ( 1 9 9 2 ) report the endemic occurrence of chronic arsenicism in a limited area on the southwest
coast of Taiwan. The e f f e c t s of arsenic on the mitogenic responses of mononuclear c e l l s (MNC) derived
from p a t i e n t s wi th arsenical skin cancers in that area were evaluated. The s ub j e c t s enrolled in t h i s s tudy
inc luded p a t i e n t s with Bowen's disease, arsenical skin cancers (basal cell carcinoma and squamous cell
carcinoma), non-arsenical skin cancers (basal cell carcinoma and squamous cell carcinoma),
nasopharyngeal cancer, and heal thy controls from endemic and non-endemic areas. Phytoh emagg lu t in in
(PHA) st imulated [ 3 H ] t h y m i d i n e incorporation in MNC in all groups except the arsenical skin cancer
group. However, when a low concentrat ion of As2O3 (2.5x10"7 M) was added to P H A - s t i m u l a t e d MNC, a
tremendous a m p l i f i c a t i o n of the up take of [ 3 H ] t h y m i d i n e was noticed in p a t i e n t s wi th arsenical skin cancer.
In t h i s s tudy, th i s phenomenon did not occur in cancers not related to arsenic. T h i s result sugge s t s that
arsenical carcinomas are hyperreactive to its s p e c i f i c e t i o l ogy (i.e., arsenic). Arsenic seems to p l a y a role
as a co-st imulant of PHA similar to inter leukin-1.

H s u e h et al. ( 1 9 9 5 ) conducted a cross-sectional s t u d y to evaluate the prevalence of arsenic-induced skin
cancer among re s ident s in Taiwane s e v i l l a g e s exposed to inorganic arsenic in dr inking water (0-0.93 p p m ) .
A dose-response increase in skin cancer was associated with arsenic. There was also an increase in skin
cancers associated wi th carriers of h e p a t i t i s B surface antigen with liver d y s f u n c t i o n , and under
nourishment. T h i s s t udy s u p p o r t s concerns about the d i f f e r e n c e s between the Taiwanese and U . S .
p o p u l a t i o n s .

In contras t , Hopenhayn-Rich et al. ( 1 9 9 6 ) inves t igated b ladder cancer mor ta l i ty for the years 1986-1991 in v
the 26 counties of Cordoba, Argentina. Rates for all of Argentina were used as the standard for
comparison. Several areas of Argent ina have had h igh exposures to arsenic f rom n a t u r a l l y contaminated
drinking water, p a r t i c u l a r l y the eastern region of the province of Cordoba. Bladder cancer S M R s were
c o n s i s t e n t l y higher in counties with documented arsenic exposure. The clear trends f o u n d in thi s Argent ina
p o p u l a t i o n with d i f f e r e n t genetic compos i t ion and a h igh-prote in diet support the f i n d i n g s in T a i w a n of ^f
dose-response relation between inges t ion of inorganic arsenic f rom drinking water and b ladder cancer.
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Cuzick et al. ( 1 9 9 2 ) evaluated a cohort treated with Fowler's s o l u t i o n ( p o t a s s i u m ar s eni t e) in Lancashire,
"•'"'' E n g l a n d , during the period 1945-1969. T h e s e re sul t s add 11 years to the i n i t i a l s tudy re sul t s that f o l l o w e d--• '\ . •' . - . < ' • > . ' t h e cohort until January 1 , 1980. T h e cohort o f 4 7 8 p a t i e n t s showed a s i g n i f i c a n t excess o f b ladder cancer J

'2. m o r t a l i t y (ob s erved/expec t ed ra t io=5/1.6; p=0.05). No excess was found for other causes of death. Of a
| t- subcohort of 142 pa t i en t s examined for signs of arsenicism around 1970, all 11 subsequent cancer deaths
! - occurred in those with signs of arsenicism (p=0.0009).

Wulff et al. ( 1 9 9 6 ) conducted a re trospec t ive s tudy of a cohort of ch i ldren born between 1961 -1990 in the
m u n i c i p a l i t y of S k e l l e f t e a , Sweden, where a smelter released p o l l u t a n t s i n c l u d i n g lead, arsenic, copper ,
cadmium, and s u l f u r d i ox id e . C h i l d h o o d cancer incidence was compared. T h e r e was an increased risk of /
c h i l d h o o d cancer (all t y p e s combined, 13 compared with an expected number of 6.7), but the a s soc ia t ion
with arsenic is confounded by the presence of other metal s .

<'

S t u d i e s in U.S. p o p u l a t i o n s exposed to arsenic in drinking water ( M o r t o n et al. 1976; S o u t h w i c k e t al. ^
1981; V a l e n t i n e et al. 1992) have not yielded the cancer incidences and h e a l t h e f f e c t s noted in T a i w a n ,
Mexico, and Chi l e . Whether t h i s d i f f e r e n c e is due to a sma l l e r p o p u l a t i o n of s u b j e c t s compared to T a i w a n ,
to overall lower doses in exposed U.S. p o p u l a t i o n s , or to d i f f e r e n c e s in n u t r i t i o n a l or socioeconomic
c ond i t i on s has not been resolved. It should be noted that exposed p o p u l a t i o n s in M e x i c o and C h i l e are a l s o

'•:. sma l l e r than those in Taiwan.

Most s tudies of animals exposed to arsenate or arsenite by the oral route have not de t e c t ed any clear
evidence for an increased incidence of skin cancer or other cancers (Byron et al. 1967; Kroes et al. 1974;
Schroeder et al. 1968). Arsenic has sometimes been c a l l e d a "paradoxical" human carcinogen because of
t h i s lack of animal data (Jager and Ostrosky-Wegman 1997). The basis for the lack of t u m o r i g e n i c i t y in
animal s is not known, but could be related to s p e c i e s - s p e c i f i c d i f f e r e n c e s in arsenic d i s t r i b u t i o n , and
induct ion of cell p r o l i f e r a t i o n (Byrd et al. 1996) (see S e c t i o n 2.3). Chan and Huff ( 1 9 9 7 ) argue that a

; c a r e f u l l y control l ed long-term carcinogenesis bioassay (i.e., us ing the N a t i o n a l T o x i c o l o g y Program
?- p r o t o c o l ) has not been conducted for either arsenic t r i ox ide by i n h a l a t i o n exposure or for sodium arsenite

by drinking water. T h u s , s ta tements as to the paradox i ca l nature of arsenic as a human carcinogen are
I premature.

A few s tud i e s in mice have noted that arsenic inge s t ion may a c t u a l l y decrease the incidence of some tumor
type s . For example , arsenic exposure caused decreased incidence of urethane-induced p u l m o n a r y tumors
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(Blakl ey 1987), spontaneous mammary tumors (Schrauzer and Ishmael 1974; Schrauzer et al. 1976), and
tumors r e s u l t i n g from i n j e c t i o n of mouse sarcoma c e l l s ( K e r k v l i e t et al. 1980). However, arsenic also
increased the growth rate of the tumors which did occur, r e s u l t i n g in a net decrease in survival time in
tumor-bearing animals ( K e r k v l i e t et al. 1980; Schrauzer and Ishmael 1974). T h e s e observations suggest

! that arsenic may a f f e c t d i f f e r e n t t y p e s of n e o p l a s t i c c e l l s d i f f e r e n t l y , p e rhap s ac t ing mainly as a tumor
] promoter (Schrauzer and Ishmae l 1974; S h i r a c h i et al. 1987). However, these data do not suggest that "•$•

I arsenic shou ld be viewed as having any net th erapeu t i c "anti-cancer" e f f e c t .]

Organic A r s e n i c a l s
i

i No s tud i e s were located regarding cancer in humans a f t e r oral exposure to organic arsenicals. In an early
2-year s t u d y of roxarsone t o x i c i t y in animals, no increase in tumor frequency was detected in dogs given
1.5 mg A s / k g / d a y , rats given 2.9 mg A s / k g / d a y , or mice given 3.8 mg A s / k g / d a y (Prier et al. 1963). More
recent ly, l i f e t i m e s tudie s of roxarsone at doses up to 1.4 mg A s / k g / d a y yi e lded no evidence of carcino-
g e n i c i t y in male or f e m a l e mice or f e m a l e rats, but a s l i g h t increase in pancreat ic tumors was noted in male
rats (NTP 1989b). T h i s was considered to c o n s t i t u t e equivocal evidence of carc inogenic i ty. The incidence

: of b a s o p h i l i c f o c i (bel ieved to be a precancerous l e s i o n ) in liver of rats i n i t i a t e d with d i e t h y l n i t r o s a m i n e
was increased by subsequent exposure to DMA, s u g g e s t i n g t h i s compound could act as a cancer promoter
( J o h a n s e n et a|. 1984).

Yamamoto et al. ( 1 9 9 5 ) a l s o evaluated the carcinogenic e f f e c t s of d i m e t h y l a r s i n i c acid (DMA) in rats in a
!I m u l t i o r g a n carcinogenes i s bioassay. M a l e F 3 4 4 / D u C r j rats were treated s e q u e n t i a l l y wi th d i e t h y l n i t r o -j

r I samine (DEN) and N - m e t h y l - N - n i t r o s a m i n e (MNU), then l , 2 - d i m e t h y l h y d r a z i n e ( D M H ) . The animals
j were then s e q u e n t i a l l y adminis tered N - b u t y l - N - ( 4 - h y r o x y b u t y l ) n i t r o s a m i n e (BBN) in dr ink ing water in

(! weeks 1 and 2 and N - b i s ( 2 - h y r o x y p r o p y l ) n i t r o s a m i n e (DHPN) in dr inking water during weeks 3 and 4.
T h i s is referred to as the DMBDD treatment. After a 2-week in t e rva l , rats were given 50, 100, 200, or

{ 400 ppm DMA in d r i n k i n g water. DMA s i g n i f i c a n t l y enhanced the tumor induc t ion in the urinary b ladder ,
kidney, l iver, and thyroid g land in DMBDD-treated groups. I n d u c t i o n of p r e n e o p l a s t i c le s ions ( g l u t a t h i o n e
S - t r a n s f e r a s e p l a c e n t a ! f o r m - p o s i t i v e f o c i in the liver and a t y p i c a l tubu l e s in the k idney) was also
s i g n i f i c a n t l y increased in DMA-trea t ed groups. DMA thus acted as a promoter of urinary b l a d d e r , kidney,
l iver , and thyroid g land carcinogenesis in rats.
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2.2.3.1 Death

Inorganic Arseni ca l s

No s tudie s were located regarding death in humans a f t e r dermal exposure to inorganic arsenicals. In rats,
no deaths resulted from dermal exposure to arsenate or arsenite at doses up to 1,000 mg A s / k g (Gaines
1960). The s e data indicate that dermal exposure to inorganic arsenic compounds is very unl ike ly to result
in death.

Organic A r s e n i c a l s

No s tud i e s were located regarding death in humans or animal s a f t e r dermal exposure to organic arsenicals.

2.2.3.2 Syst emic E f f e c t s

No s tudie s were located regarding re spiratory, cardiovascular, g a s t r o i n t e s t i n a l , h e m a t o l o g i c a l ,
m u s c u l o s k e l e t a l , hepat i c , or renal e f f e c t s in humans or animals a f t e r dermal exposure to inorganic or
organic arsenicals.

Dermal E f f e c t s

Inorganic Ars en i ca l s

Several s t u d i e s of humans exposed to arsenic d u s t s in the workplace have reported that inorganic arsenic
( u s u a l l y arsenic t r i o x i d e ) can cause contact d e r m a t i t i s ( H o l m q v i s t 1951; Pinto and M c G i l l 1953). T y p i c a l
responses inc luded erythema and s w e l l i n g , with p a p u l e s and vesicles in more severe cases ( H o l m q v i s t
1 9 5 1 ) . The dermal contact rates that cause these e f f e c t s in humans have not been q u a n t i f i e d , but a s imi lar

direct i rr i ta t ion of the skin has been noted in mice exposed to 2.5 mg A s / k g as sodium arsenite (Boutwel l
1963). In contrast, no s i g n i f i c a n t dermal i rr i ta t i on was noted in guinea p i g s exposed to aqueous so lu t ions
containing 4,000 mg As/L as arsenate or 580 mg As/L as arsenite ( W a h l b e r g and Boman 1986). Thes e
s tudie s indicate that direct contact may be of concern at h igh exposure l eve l s , but do not suggest that lower
l eve l s are l i k e l y to cause s i g n i f i c a n t irr i ta t ion.
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S t u d i e s on po s s i b l e dermal sensitization by inorganic arsenicals are discussed in S e c t i o n 2.2.3.3 below.

Organic Arsenical s

A p p l i c a t i o n of MMA to the skin of rabbits was reported to result in mild dermal irr i ta t ion ( J a g h a b i r et al.
1988), but too few d e ta i l s on dose, duration, or degree of irritation were provided to draw f i r m conclusions
regarding the dermal irritancy of organic arsenicals.

Ocular E f f e c t s

Inorgani c Arseni ca l s

No s tudie s were located regarding ocular e f f e c t s in humans or animals a f t e r dermal exposure to inorganic
arsenicals.

Organic Ars en i ca l s

A p p l i c a t i o n of MMA to the skin of rabbits was reported to result in mild dermal i r r i t a t i o n ( J a g h a b i r et al.
1988), but too few d e t a i l s on dose, duration, or degree of i rr i ta t i on were provided to draw f i r m conc lus ions
regarding the ocular irritancy of organic arsenicals.

2.2.3.3 BmmtusioBogBcal E f f e c t s

Inorgani c Arsen i ca l s

Examination of workers exposed to arsenic tr iox ide du s t s in a copper smelter led H o l m q v i s t ( 1 9 5 1 ) to
suspect that repeated dermal contact could lead to dermal sensi t ization. In s u p p o r t of t h i s , H o l m q v i s t
( 1 9 5 1 ) found a po s i t iv e pa t ch test in 80% of the exposed workers compared to 30% in a control p o p u l a t i o n .
Thes e data do suggest that workers may be sensitized to arsenic, but the high response rate in contro l s
seems unusual. A much lower response rate (0.5%) was noted in a more recent p a t c h test s t u d y of dermal
sensit ization ( W a h l b e r g and Roman 1986), and the few po s i t iv e responses seemed to be due to a cross-
reac t iv i ty with nickel. S t u d i e s in guinea pigs did not yie ld evidence of a s en s i t i za t i on reaction ( W a h l b e r g

: •:-£m̂
M
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Organic Arsenicals

No studies were located regarding immunological e f f e c t s in humans or animals a f t e r dermal exposure to
organic arsenicals.

No studies were located regarding the f o l l o w i n g e f f e c t s in humans or animals a f t e r dermal exposure to
inorganic or organic arsenicals:

2.2.3.4 Neurologica l E f f e c t s
2.2.3.5 Reproductive E f f e c t s
2.2.3.6 Developmental E f f e c t s
2.2.3.7 Genotoxic E f f e c t s

Genotox i c i ty studies are discussed in Sect ion 2.5.

2.2.3.8 Cancer

Inorganic Arsenicals

No studies were found that described cancer in humans a f t e r dermal exposure to inorganic arsenic.

A p p l i c a t i o n of arsenic acid to the skin of mice pretreated with dimethylbenzanthracene did not result in any
skin tumors (Kurokawa et al. 1989), sugge s t ing that arsenic does not act as a promoter in this test system.

Organic Arsenical s

No studies were located regarding cancer in humans or animals a f t e r dermal exposure to organic arsenicals.

2.3 TOXICOKINETICS

There is an extensive database on the toxicokinetics of inorganic arsenic. Most s tudies have been performed
in animals, but there are a number of studies in humans as well. These studies reveal the f o l l o w i n g main
point s:
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2 .3 TOXICOKINETICS

There is an extensive database on the toxicokinet ic s of inorganic arsenic. Most s tud i e s have been
performed in animals, but there are a number of s tudie s in humans as we l l . T h e s e s tud i e s reveal the
f o l l o w i n g main po int s:

Both arsenate and arsenite are well absorbed by both the oral and i n h a l a t i o n routes. A b s o r p t i o n by
the dermal route has not been well characterized, but is low compared to the other routes. I n o r g a n i c
arsenic in soil is absorbed to a lesser extent than solutions of arsenic sa l t s .

The rate of ab sorpt ion of arsenic in h i g h l y i n s o l u b l e f orms (e.g., arsenic s u l f i d e , lead arsenate) is
much lower than that of more s o l u b l e f o rms via both oral and i n h a l a t i o n routes.

Once absorbed, arsenites are p a r t i a l l y oxidized to arsenates and arsenates are p a r t i a l l y reduced to
arsenites, y i e l d i n g a mixture of As(+3) and A s ( + 5 ) in the b lood.

The A s ( + 3 ) form undergoes enzymic me thy la t i on p r i m a r i l y in the l iver to f o r m MMA and D M A .
T h i s reaction i s believed to d e t o x i f y arsenic. The rate and r e l a t i v e p r o p o r t i o n of m e t h y l a t i o n
produc t i on varies among species. The rate of m e t h y l a t i o n may al so vary among t i s s u e s .

Most arsenic is p r o m p t l y excreted in the urine as a mixture of A s ( + 3 ) , A s ( + 5 ) , M M A , and D M A .
S m a l l e r amounts are excreted in fece s . Some arsenic may remain bound to t i s s u e s , d e p e n d i n g
inversely on the rate and extent of m e t h y l a t i o n .

Less in f ormat i on is a v a i l a b l e for the organic arsenicals . It a p p e a r s that both MMA and DMA are we l l
absorbed, but are r a p i d l y excreted in the urine and feces. MMA may be m e t h y l a t e d to D M A , but ne i ther
MMA nor DMA are d eme thy la t ed to yie ld inorganic arsenic.

A review of the evidence which s u p p o r t s these conclus ions is presented below.

2.3.H Absorp t i on

2.3.1 J Iplhalatooim Exposure

S i n c e arsenic ex i s t s in air as pan i cu la t e matter, absorpt ion across the l u n g involves two processes:
depo s i t i on of the par t i c l e s onto the lung surface, and ab sorpt ion of arsenic f rom the d e p o s i t e d mater ia l . In
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lung cancer p a t i e n t s exposed to arsenic in cigarette smoke, d e p o s i t i o n was es t imated to be about 40% and
ab sorp t i on was 75-85% ( H o l l a n d et al. 1959). T h u s , overall ab sorp t ion (expre s s ed as a percentage of
inhaled arsenic) was about 30-34%. In workers exposed to arsenic t r i o x i d e d u s t s in smel t er s , the amount
of arsenic excreted in the urine ( t h e main route of excretion; see S e c t i o n 2.3.4) was about 40-60% of the
estimated inhaled dose ( P i n t o et al. 1976; Vaht er et al. 1986). A b s o r p t i o n of arsenic t r i o x id e d u s t s and
f ume s (assessed by measurement of urinary m e t a b o l i t e s ) correlated wi th time weighted average arsenic air
concentrations f r o m personal breathing zone air samplers ( O f f e r g e l t et al. 1992). Corre la t i on s were best
immediate ly a f t e r a s h i f t and j u s t be fore the start of the next s h i f t . A l t h o u g h the percent d e p o s i t i o n was not
measured in these cases, it seems l i k e l y that nearly all of the d epo s i t ed arsenic was absorbed. T h i s
conclusion is s u p p o r t e d by in tra trachea l i n s t i l l a t i o n s t ud i e s in rats and hamsters, where clearance of oxy
compounds of arsenic ( s od ium arsenite, sodium arsenate, arsenic t r i o x i d e ) f rom the l ung was rapid and
nearly compl e t e (60-90% wi th in 1 d a y ) ( M a r a f a n t e and Vaht er 1987; Rhoads and S a n d e r s 1985). In
contrast , arsenic s u l f i d e and lead arsenate were cleared more s l o w l y ( M a r a f a n t e and V a h t e r 1987),
i n d i c a t i n g that the rate of ab sorp t i on may be lower if the inhaled arsenic is in a h i g h l y i n s o l u b l e form.

»

No s tud i e s were located regarding a b s o r p t i o n of organic arsenical s in humans or animal s a f t e r i n h a l a t i o n
exposure. However, DMA i n s t i l l e d in the l ung s of rats was absorbed very r a p i d l y ( h a l f - t i m e = 2 . 2 m i n u t e s )
and nearly c o m p l e t e l y (at least 92%) ( S t e v e n s et al. 1977b). T h i s ind i ca t e s that organic arsenical s are
l i k e l y to be well absorbed by the i n h a l a t i o n route.

2.3.1.2 Oral Exposure

Several s tudie s in humans indica t e that arsenates and arsenites are well absorbed across the g a s t r o i n t e s t i n a l
tract. The most direct evidence is f r o m measurement of f e c a l excre t ion in humans given oral doses of
arsenite, where less than 5% was recovered in the feces ( B e t t l e y and O'Shea 1975). T h i s indi ca t e s
absorpt ion was at least 95%. T h i s is s u p p o r t e d by s tud i e s in which urinary excretion in humans was f ound
to account for 55-80% of d a i l y oral intakes of arsenate or arsenite (Buchet et al. 1981b; Crecelius 1977;
M a p p e s 1977; Tarn et al. 1979b). In contras t , inges t ion of arsenic t r i s e l e n i d e ( A s 2 S e 3 ) did not lead to a
measurable increase in urinary excretion ( M a p p e s 1977), i n d i c a t i n g that g a s t r o i n t e s t i n a l a b s o rp t i on may be
much lower if h i g h l y i n s o l u b l e f orms of arsenic are inge s t ed .

T h e s e observations in humans are s u p p o r t e d by a number of s tud i e s in animals . Fecal excretion of
arsenates and arsenites ranged f r o m 2 to 10% in monkeys and mice, wi th 70% or more a p p e a r i n g in urine
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(Charbonneau et al. 1978a; Vahter 1981; Vahter and N o r i n 1980). Oral ab s o rp t i on of [ 7 3As] labe l ed
sodium arsenate in mice was u n a f f e c t e d by dose (0.0005-5 m g / k g ) as re f l e c t ed in percentage of dose
excreted in feces over 48 hours ( H u g h e s et al. 1994). A b s o r p t i o n ranged f rom 82 to 89% at all doses.
Hamster s appear to absorb somewhat less, since f ecal excretion u s u a l l y ranges f rom 10 to 40% ( M a r a f a n t e
and Vaht er 1987; M a r a f a n t e et al. 1987a; Yamauchi and Yamamura 1985). Rabbit s al so a p p e a r to absorb
less arsenate than humans, monkeys, or mice a f t e r oral exposure (Freeman et al. 1993). After a gavage
dose of 1.95 mg/kg sodium arsenate, 45% of the arsenate was recovered in fece s in males and 52% in
f emale s . As in humans, when h i g h l y insoluble arsenic compounds are administered (arsenic t r i s u l f i d e , lead
arsenate), gas trointe s t inal absorption is reduced 20 to 30% ( M a r a f a n t e and V a h t e r 1987).

' ^ / i . C d ' j f r X
Comparat ive oral ab s orp t i on of arsenic as a s o l u b l e saW; in s o i l , and in hou s eho ld dust was s t u d i e d in a
group of three f e m a l e cynomolgus monkeys (Wes tSrre t -a l . 1995). B i o a v a i l a b i l i t y was assessed in
comparison to an intravenous dose of sodium arsenate. Mean absolute percentage b i o a v a i l a b i l i t y based on
urine arsenic excretion were reported at 67.6+2.6% (gavage), 19.2±1.5% (oral d u s t ) , and 13.8+3.3% (oral
s o i l) . Mean ab so lu t e percentage b i o a v a i l a b i l i t y based on blood arsenic l e v e l s were reported at 91.3±12.4%
(gavage), 9.8+4.3% (oral d u s t ) , and 10.9±5.2% (oral s o i l ) . The arsenic in the dus t and soil was
a p p r o x i m a t e l y 3.5- to 5 - f o l d (based on urine) and 8- to 9 - f o l d (based on b l o o d ) less b i o a v a i l a b l e than
arsenic in s o lu t i on .

V Oral absorpt ion of arsenic f rom contaminated soil has a l so been measured in rabb i t s ( F r e e m a n et al. 1993).
A p p r o x i m a t e l y 80% of the arsenic in the soil was excreted in f e c e s , compared to 50% of a gavage dose of
sodium arsenate. Arsenic in the soil was p r i m a r i l y in the f orm of s u l f i d e s , which are less water s o l u b l e
than sodium arsenate.

Based on urinary excretion s t ud i e s in volunteers, it a p p e a r s that both MM A and DMA are we l l absorbed
(at least 75-85%) across the ga s tro in t e s t inal tract (Buchet et al. 1 9 8 1 a ; M a r a f a n t e et al. 1987b). T h i s is
suppor t ed by s tudies in animal s , where at least 75% ab sorp t i on has been observed for DMA ( M a r a f a n t e et
al. 1987b; Stevens et al. 1977b; Yamauchi and Yamamura 1984) and MMA ( Y a m a u c h i et al. 1988).

2.3.1 .3 Dermal Exposure

No quant i ta t ive s tud i e s were located on ab s orp t i on of inorganic ar senical s in humans a f t e r dermal
exposure. Percutaneous ab sorp t ion of [7 3As] as arsenic acid (H3AsOJ alone and mixed w i t h soil has been
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measured in skin f r o m cadavers ( W e s t e r et al. 1993). Labeled arsenic was a p p l i e d to skin in d i f f u s i o n c e l l s
and transit through the skin into receptor f l u i d measured. After 24 hours, 0.93% of the dose passed
through the skin and 0.98% remained in the skin a f t e r washing. A b s o r p t i o n was lower wi th [73As] mixed
with soil: 0.43% passed through the skin over 24 hours and 0.33% remained in the skin a f t e r washing.

Dermal absorpt ion of arsenic has been measured in Rhesus monkeys (Wes t e r et al. 1993). After 24 hours,
6.4% of [73As] as arsenic acid was absorbed s y s t e m i c a l l y , as was 4.5% of [73As] mixed wi th soil. U p t a k e
of arsenic into blood or ti s sues was undetec tab l e for up to 24 hours in rats whose t a i l s were immersed in
so lu t ions of sodium arsenate for 1 hour. However, arsenic began to increase in b l o o d , liver, and spleen
over the next 5 days (Dutkiewicz 1977). The rate of uptake was e s t imated to be 1-33 n g / c t n V h r . T h e s e
f i n d i n g s suggest that dermal exposure leads i n i t i a l l y to arsenic b i n d i n g to skin, and that the bound arsenic
may s l ow ly be taken up into the b lood, even a f t e r exposure ends. ;

No s tudie s were located on ab sorp t i on of organic arsenical s in humans or animals a f t e r dermal exposure.

2.3.2 Dis tr ibu t ion

2.3.2.1 I n h a l a t i o n Exposure

No s tud i e s were located on the d i s t r i b u t i o n of arsenic in humans or animal s a f t e r i n h a l a t i o n exposure, but
intratracheal a d m i n i s t r a t i o n of arsenic t r i o x i d e to rats resulted in d i s t r i b u t i o n of arsenic to l iver, kidney,
ske le ton, ga s t r o in t e s t ina l trac t , and other t i s sue s (Rhoads and S a n d e r s 1985). T h i s is consis tent with data
from oral and parenteral s tud i e s ( b e l o w ) which indica t e that absorbed arsenic is d i s t r i b u t e d throughout the
body.

No s tud i e s were located regarding the d i s t r i b u t i o n of organic arsenicals in humans or animal s a f t e r
i n h a l a t i o n exposure. However, DMA administered to rats by the intratracheal route was d i s t r ibu t ed
throughout the body (Steven s et al. 1977b), s u g g e s t i n g that i n h a l a t i o n of organic arsenical s would al so lead
to widespread d i s t r i bu t i on .
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2.3.2.2 Oral Exposure
• f i l l

A n a l y s i s of t i s sues taken at autopsy from p e o p l e who were exposed to background l e v e l s of arsenic in food
and water revealed that arsenic is present in all tissues of the body (Lieb s cher and S m i t h 1968). Most
tissues had about the same concentration level (0.05-0.15 p p m ) , wh i l e l eve l s in hair (0.65 p p m ) and n a i l s
(0.36 p p m ) were somewhat higher. T h i s indicates that there is little tendency for arsenic to accumulate
p r e f e r e n t i a l l y in any internal organs. However, exposure l eve l s may not have been high enough to cause

••jji elevated levels in tissues. Arsenic exposure may have been low enough that the m e t h y l a t i o n process in the
body resulted in l imited accumulation in internal organs. Many s t u d i e s have been per f o rmed where arsenic

i ? levels in hair and n a i l s have been measured and corre lat ions w i th exposure analyzed . Some of these s t u d i e s1 1 •(| are discussed in Sec t i on 2.7, Biomarkers of Exposure. S i m i l a r r e su l t s have been obtained in mice and
! i ' i• ! ; ' /

examined ( V a h t e r and N o r i n 1980; Yamauchi and Yamamura 1 9 8 5 ) , i n c l u d i n g the p l a c e n t a and f e t u s of
pregnant f e m a l e s ( H o o d et al. 1987, 1988). In mice, r a d i o l a b e l f r o m o r a l l y admini s t e r ed 74-As was w i d e l y
dis tr ibuted to all t i s sues, with the highest levels in kidney and liver. No obvious d i f f e r e n c e s between A s ( + 3 )
and A s ( + 5 ) were f o u n d , a l though residual l eve l s a f t e r 24 hours tended to be higher for A s ( + 3 ) than A s ( + 5 )
( V a h t e r and N o r i n 1980). In hamsters, increases in t i s sue l e v e l s were noted a f t e r oral t r ea tment w i t h A s + 3

for most t i s sues (hair, kidney, liver, lung , skin, musc l e), wi th the large s t increases in l iver and l u n g
(Yamauch i and Yamamura 1985).

No s tud i e s were located on the d i s t r i b u t i o n of organic ar senical s in p e o p l e f o l l o w i n g oral exposure , but
MMA and DMA formed in vivo by me thy la t i on of inorganic arsenic in hamsters a p p e a r s to be d i s t r i b u t e d
to all t i s sues ( T a k a h a s h i et al. 1988; Yamauchi and Yamamura 1985). T h i s is s u p p o r t e d by s t u d i e s in
animals , in which MMA and DMA were found in all t i s sue s a f t e r acute oral doses ( S t e v e n s et al. I 9 7 7 b ;
Yamauchi and Yamamura 1984; Yamauchi et al. 1988).

«̂[.' 2.3.2.3 Bermat Exposure
P
M No studies were located regarding d i s t r i b u t i o n of inorganic or organic arsenicals in humans or animal s a f t e r

dermal exposure.
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2.3.2.4 Other Routes of Exposure

S t u d i e s in mice, rabbits, and monkeys injected intravenously with solutions of arsenite or arsenate confirm
that arsenic is widely di s tr ibuted throughout the body (Lindgren et al. 1982; Marafant e and Vahter 1986;
Vahter and Marafante 1983; Vahter et al. 1982). S h o r t l y a f t e r exposure, the concentration of arsenic tends
to be somewhat higher in liver, kidney, lung, and gas tro inte s t inal e p i t h e l i u m (Lindgren et al. 1982; Vahter
and M a r a f a n t e 1983; Vahter et al. 1982), but levels tend to equilibrate over time. Arsenate shows a
tendency to depo s i t in skele tal t i s sue that is not shared by arsenite (Lindgren et al. 1982, 1984), presumably
because arsenate is an analog of p h o s p h a t e .

The d i s t r i b u t i o n of arsenic in the rat is quite d i f f e r e n t f r om other animal species. In the rat, a large
major i ty of the arsenic becomes bound to hemoglobin in red blood c e l l s , and very little reaches other tissues
(Lanz et al. 1950). For th i s reason, the rat is p r o b a b l y not an a p p r o p r i a t e t ox i cok ine t i c model for
d i s t r i b u t i o n , metabol i sm, or excretion of arsenic by humans.

2.3.3 M e t a b o l i s m

The metabol i sm of inorganic arsenic has been ex t en s iv e ly studied in humans and animals. Two processes
are involved: (1) r e d u c t i o n / o x i d a t i o n reactions that interconvert arsenate and arsenite , and (2) m e t h y l a t i o n
reactions, which convert arsenite to MMA and D M A . T h e s e processes appear to be s imi lar whether
exposure is by the i n h a l a t i o n , oral, or parenteral route. The human body has the a b i l i t y to d e t o x i f y arsenic
by changing inorganic arsenic to less toxic organic f o rms (i.e., by m e t h y i a t i o n ) that are more r e a d i l y
excreted in urine. In a d d i t i o n , inorganic arsenic is also d i r e c t l y excreted in the urine. It is e s t imated that by
means of these two processes, more than 75% of the absorbed arsenic dose is excreted in the urine (Marcus
and Rispin 1988). Long-term accommodation to arsenic exposure is a l so p o s s i b l e in which m e t h y l a t i o n

v and excretion become more e f f i c i e n t with several months of exposure. T h i s mechanism is thought to have
an upper-dose l imit which, when overwhelmed, results in a higher incidence of arsenic tox i c i ty .

The basic t y p e of evidence which s u p p o r t s these conclusions is derived f rom ana ly s i s of urinary excretion
product s . Exposure of humans to either arsenates or arsenites re sul t s in increased levels of inorganic
As(+3), inorganic A s ( + 5 ) , MMA, and DMA in urine (Buchet et al. 1981a, 1981b; Crecelius 1977; Lovell
and Farmer 1985; S m i t h et al. 1977; Tarn et al. 1979b; Vahter 1986). S i m i l a r results are obtained f rom
studies in mice (Vahter 1981; Vaht er and Envall 1983), hamsters ( H i r a t a et al. 1988; M a r a f a n t e and
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Vahter 1987; Takaha sh i et al. 1988), and rabbits (Maior ino and A p o s h i a n 1985; M a r a f a n t e et al. 1985;
Vahter and M a r a f a n t e 1983).

The relative propor t i on s of As(+3), A s ( + 5 ) , M M A , and DMA in urine can vary d e p e n d i n g upon the
chemical administered, the time a f t e r exposure, the route of exposure, the dose l eve l , and the exposed
species. In general, however, DMA is the p r i n c i p a l me tabo l i t e , with lower l eve l s of inorganic arsenic
(As+3 and As+5) and M M A . In humans, the re la t ive p r o p o r t i o n s are u s u a l l y about 40-60% D M A ,
20-25% inorganic arsenic, and 15-25% MMA (Buchet et al. 1 9 8 l a ; S m i t h et al. 1977; Tam et al. 1979b;
Vahter 1986). The rabbit has a s imi lar ratio of me tabo l i t e s ( M a i o r i n o and A p o s h i a n 1 9 8 5 ) , s u g g e s t i n g that
th i s may be the best animal model for tox i cokine t i c s in humans. In c on tra s t , the guinea p i g , and the
marmoset and tamarin monkeys do not me thy la t e inorganic arsenic (Healy et al. 1998; V a h t e r and
M a r a f a n t e 1985; V a h t e r et al. 1982; Zakharyan et al. 1996), and so may be poor model s for humans.

S t u d i e s in vitro i n d i c a t e that the sub s tra t e for m e t h y l a t i o n is A s ( + 3 ) , and tha t A s ( + 5 ) is not m e t h y l a t e d
unless it is f i r s t reduced to A s ( + 3 ) (Buchet and Lauwerys 1985, 1988; Lerman et al. 1983). The main s i t e
of m e t h y l a t i o n appear s to be the l iver , where the m e t h y l a t i o n process is media t ed by enzymes tha t u t i l i z e
S - a d e n o s y l m e t h i o n i n e as co sub s tra t e (Buchet and Lauwerys 1985, 1988). Under normal c o n d i t i o n s , the
a v a i l a b i l i t y of methyl donors (e.g., methionine, cho l ine , c y s t e i n e ) does not a p p e a r to be rate l i m i t i n g in
m e t h y l a t i n g c a p a c i t y , either in humans (Buchet et al. 1 9 8 2 ) or in an imal s (Buchet and Lauwerys 1987;
Buchet et al. 198 l a ) . However, severe d i e tary r e s t r i c t i on of methyl donor intake can r e su l t in s i g n i f i c a n t
decreases in m e t h y l a t i n g c a p a c i t y (Buchet and Lauwerys 1987; V a h t e r and M a r a f a n t e 1987).

Arsenic m e t h y l t r a n s f e r a s e and MMA m e t h y l t r a n s f e r a s e a c t i v i t i e s have been p u r i f i e d to homogene i ty f r o m
cytosol of rabbit l iver (Zakharyan et al. 1995) and rhesus monkey l iv er ( Z a k h a r y a n et al. 1996). It a p p e a r s
that a s i n g l e prote in (MW 60,000) c a t a l y z e s both a c t i v i t i e s . T h i s a c t i v i t y t r a n s f e r s a me thy l group f r o m
S-adeno sy lme th i on ine to A s ( + 3 ) y i e l d i n g M M A , which i s then f u r t h e r m e t h y l a t e d to D M A . Reduced
g l u t a t h i o n e is p robab ly a co- fac tor in vivo, but other t h i o l s can s u b s t i t u t e in vitro ( L - c y s t e i n e ,
d i t h i o t h r e i t o l ) . The sub s trate saturation concentration for rabbit arsenite m e t h y l t r a n s f e r a s e i s 50 urn, for
MMA m e t h y l t r a n s f e r a s e i t i s 1,000 urn. The p u r i f i e d a c t i v i t y i s s p e c i f i c for arsenite and M M A ; s e l e n i t e ,
selenate, s e lenide, and catechol s do not serve as substrates .

S t u d i e s in mice indicate that exposure to arsenic does not induce arsenic m e t h y l a t i o n a c t i v i t y (Healy et al.
1998). Mice receiving up to 0.87 mg A s / k g / d a y as sodium arsenate in drinking water for 91 days had the
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same arsenic r n e t h y l a t i n g a c t i v i ty as unexposed controls. Di s t r i bu t i on of a c t i v i t y was reported in t h i s
s tudy. S p e c i f i c activit ies were highest in tes t i s (1.45 U / m g ) f o l l o w e d by kidney (0.70 U / m g ) , liver
(0.40 U / m g ) , and lung (0.20 U / m g ) . None were a f f e c t e d by arsenic exposure.

Since the methyl derivatives of arsenic appear to be less toxic than inorganic arsenic (see Sec t i on 2.2), and
since methyla t ion tends to result in lower t i s sue retention of inorganic arsenic ( M a r a f a n t e and V a h t e r 1984,
1986; M a r a f a n t e et al. 1985; V a h t e r and M a r a f a n t e 1987), the me thy la t i on process is u s u a l l y viewed as a
de tox i f i ca t i on mechanism. Because methylation is an enzymic process, an important issue is the dose of
arsenic that saturates the me thyla t ion capac i ty of an organism, r e su l t ing in a p o s s i b l e increased level of the
more toxic As(+3) in tissues. Limited data from s tudie s in humans suggest that m e t h y l a t i o n may begin to
become l i m i t i n g at doses of about 0.2-1 m g / d a y (0.003-0.015 m g / k g / d a y ) (Buchet et al. 1981b; Marcus
and Risp in 1988). However, these observations are re la t ive ly uncertain since they are based on data f rom
only a few p e o p l e , and the pat t ern of urinary excretion p r o d u c t s in humans who ingested high (near l e t h a l )
oral doses or were exposed to elevated l eve l s in the workplace is not much d i f f e r e n t f r o m tha t in the general
p o p u l a t i o n (Love l l and Farmer 1985; Vahter 1986). Furthermore, the nutrient intakes reported by Engel
and Receveur ( 1 9 9 3 ) were s u f f i c i e n t to accommodate the body stores of methyl groups needed for arsenic
b i ome thy la t i on . At the highest arsenic level reported in the endemic area, the b i o m e t h y l a t i o n process
required only a few percent or so of the t o t a l d a i l y methyl intake ( M u s h a t e and Croc e t t i 1995). T h u s , the
dose rate at which methyla t ion capac i ty becomes saturated cannot be prec i s e ly d e f in ed with current data.

Organic arsenicals appear to undergo little metabol i sm. Humans who ingested a dose of MMA converted a
small amount (about 13%) to DMA (Buchet et al. 1 9 8 l a ) , and several s t u d i e s in hamsters have noted the
f ormat ion of low levels of the t r ime thyl derivative ( tr ime thy lar s ine oxide, (CH 3) 3AsO) (Yamauch i and
Yamamura 1984; Yamauchi et al. 1988). However, the me thylar s ena t e s are not d e m e t h y l a t e d to inorganic
arsenic either in humans (Buchet et al. 1981 a; M a r a f a n t e et al. 1987b) or in animal s (rat s and hamst er s)
(Stevens et al. 1977b; Yamauchi and Yamamura 1984).

2.3.4 El imina t i on and Excretion

2.3.4.1 I n h a l a t i o n Exposure

As noted previous ly (see Sec t i on 2 . 3 . 1 . 1 ) , urinary excretion of arsenic a p p e a r s to account for 30-60% of
the inhaled dose ( H o l l a n d et al. 1959; Pinto et al. 1976; Vahter et al. 1986). S i n c e the d e p o s i t i o n f r a c t i o n

" ' D R A F T F O R P U B L I C C O M M E N T " *



A R S E N I C 118
2 . H E A L T H E F F E C T S

u s u a l l y ranges from about 30 to 60% for most respirable par t i c l e s (EPA 1989b), thi s sugges t s that nearly
all arsenic that is depos i t ed in the lung is excreted in the urine. The time course of excretion in humans
exposed by inhalation has not been thoroughly investigated, but urinary arsenic levels in workers in a
smelter rose within hours a f t e r they came to work on Monday and then fell over the weekend (Vahter et al.
1986). T h i s i m p l i e s that excretion is f a i r l y r a p i d , and th i s is suppor t ed by intratracheal s tudie s in rats
(Rhoads and Sander s 1985) and hamsters ( M a r a f a n t e and Vahter 1987), where whole body clearance of
administered arsenate or arsenite occurred with a h a l f - t i m e of 1 day or less. However, small amounts of
arsenic may remain bound in the lung, and only be cleared with a h a l f - t i m e of several months (Rhoads and
Sander s 1985).

No s tudie s were located regarding the excretion of organic arsenicals by humans or animals a f t e r i n h a l a t i o n
exposure. However, rats that were given a s ing l e intratracheal dose of DMA excreted about 60% in the
urine and about 8% in the f ece s w i th in 24 hours ( S t e v e n s et al. 1977b). T h i s indicate s that organic
arsenicals are l i k e l y to be p r o m p t l y excreted a f t e r i n h a l a t i o n exposure.
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2.3.4.2 Oral Exposure

Direct measurements of arsenic excretion in humans who ingested known amounts of arsenite or arsenate
indicate that very little, is excreted in the f ece s ( B e t t l e y and O'Shea 1975), and that 45-85% is excreted in
urine wi thin 1-3 days (Buchet et al. 1981a; Crecelius 1977; M a p p e s 1977; Tarn et al. 1979b). A s imi lar
pat t ern is observed in hamsters ( M a r a f a n t e and Vahter 1987; Yamauchi and Yamamura 1985) and mice
( V a h t e r and N o r i n 1980). A c c o r d i n g l y , whole body clearance is f a i r l y r a p i d , with h a l f - t i m e s of
40-60 hours in humans (Buchet et al. 1981b; M a p p e s 1977). Clearance is even more rapid in mice and
hamsters, with 90% removed in two days ( M a r a f a n t e and V a h t e r 1987; Vaht er 1981; V a h t e r and N o r i n
1980).

S t u d i e s in humans indicate that ingested MMA and DMA are excreted mainly in the urine (75-85%), and
this occurs mos t ly wi thin 1 day (Buchet et al. 1 9 8 l a ; M a r a f a n t e et al. 1987b). T h i s is suppor t ed by s tudie s
in rats and hamsters, a l though in animals excretion is more evenly d i s t r i bu t ed between urine and f e c e s
( M a r a f a n t e et al. 1987b; Stevens et al. 1977b; Yamauchi and Yamamura 1984; Yamauchi et al. 1988).
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2.3.4.3 Dermal Exposure

No studies were located regarding excretion of inorganic arsenicals in humans or animals f o l l o w i n g dermal
exposure. In rats, arsenic absorbed through the tail was excreted approx imate ly equally in urine and f e c e s ,
similar to the excretion pattern f o l l o w i n g oral exposure (Dutkiewicz 1977).

No studies were located regarding excretion of organic arsenicals in humans or animals f o l l o w i n g dermal
exposure.

2.3.4.4 Other Routes of Exposure

Excretion of arsenate and arsenite f o l l o w i n g parenteral exposure of animals is similar to that seen f o l l o w i n g
oral exposure. In rabbits and mice, urinary excretion within 8 hours u s u a l l y accounts for about 50-80% of
the dose (Maehashi and Murata 1986; Maiorino and Aposh ian 1985; Vahter and Marafante 1983).
Somewhat lower l eve l s (30-40%) are excreted in the urine of marmoset monkeys (Vahter and Marafant e
1985; Vahter et al. 1982), probably because of the absence of methylation in this species. Who l e -body
clearance studies in mice indicate that arsenate is over 65% removed within 24 hours, while arsenite is about
86% removed at 24 hours (Lindgren et al. 1982).

2.3.5 P h y s i o l o g i c a l l y Based Pharmacokinetic ( P B P K ) / P h a r m a c o d y n a m i c (PD) M o d e l s

Phys io l og i ca l ly based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and
d i s p o s i t i o n of chemical substances to quant i ta t ive ly describe the re lat ionships among critical b io logical
processes (Krishnan et al. 1994). PBPK models are also called b i o l og i ca l ly based tissue dosimetry models.
PBPK models are increasingly used in risk assessments, pr imari ly to predict the concentration of p o t e n t i a l l y
toxic moieties of a chemical that will be delivered to any given target tissue f o l l o w i n g various combinations
of route, dose level , and test species ( C l e w e l l and Andersen 1985). P h y s i o l o g i c a l l y based pharmacodynamic
(PBPD) models use mathematical d e s c r ip t i on s of the dose-response func t ion to quanti tat ive ly describe the
r e l a t i o n s h i p between target tissue dose and toxic end point s .

PBPK/PD model s r e f ine our unders tanding of complex quantitative dose behaviors by h e l p i n g to d e l inea t e
and characterize the re lat ionships between: (I) the ex t ernal / expo sure concentration and target tissue dose of
the toxic moiety, and (2) the target tissue dose and observed responses (Andersen et al. 1987; Andersen and
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S p e c i e s e x t r a p o l a t i o n . S p e c i e s e x t r a p o l a t i o n was not a t t empt ed in this model.

interroute e x t r a p o l a t i o n . Interroute e x t r a p o l a t i o n was not a t t empt ed in t h i s model.

2 .4 MECHANISMS OF ACTION

2.4.1 Pharmacokinet i c Mechanisms

Arsenic absorpt ion d ep end s on its chemical form. In humans, A s ( + 3 ) , A s ( + 5 ) , MMA, and DMA are o r a l l y
absorbed 8̂0%. Arsenic is also ea s i ly absorbed via i n h a l a t i o n . A b s o r p t i o n a p p e a r s to be by p a s s i v e
d i f f u s i o n . Dermal ab s orp t i on appear s to be much less than by the oral or i n h a l a t i o n routes. U n a v a i l a b i l i t y
of arsenic f rom soil appear s to be lower via the oral route than it is for sodium s a l t s of arsenic. Arsenic in
soil may form water i n s o l u b l e compounds (e.g., s u l f i d e s ) which are poor ly absorbed.

Arsenic and its me tabo l i t e s d i s t r i b u t e to all organs in the body; p r e f e r e n t i a l d i s t r i b u t i o n has not been
observed in human t i s sues at au t op sy or in animal exper iment s . S i n c e the l iver is a major s i t e for the
m e t h y l a t i o n of inorganic arsenic, a " f i r s t -pa s s" e f f e c t i s p o s s i b l e a f t e r g a s t r o i n t e s t i n a l a b s o r p t i o n ; however,
th i s has not been inves t igated in animal models. Arsenic and its m e t a b o l i t e s do not a p p e a r to be stored or
sequestered in the body.

Arsenic and its metabol i t e s are l a r g e l y excreted via the renal route. T h i s excretion mechanism is not l i k e l y
to be saturated wi th in the dose range expected f rom human exposure. Excre t ion can also occur via f e c e s
a f t e r oral exposure; a minor excretion pa thway is nai l s and hair. The m e t h y l a t i o n of inorganic arsenic is
the major d e t o x i f i c a t i o n pathway. The p r o p o r t i o n of m e t a b o l i t e s recovered in urine ( A s + 3 , As+5, MMA,
DMA) are roughly consistent in humans regardle s s of the exposure scenario. However, i n t e r i n d i v i d u a l
variation is great enough that it can't be determined if c a p a c i t y l i m i t a t i o n may occur in some i n d i v i d u a l s .

The m a n i f e s t a t i o n of arsenic t o x i c i t y d epends on dose and durat ion of exposure. S i n g l e oral doses in the
range of 2-10 mg/kg have caused death in humans. Lower doses (0.05-0.5 m g / k g / d a y ) over longer p er iod s
(weeks to months) cause g a s t r o i n t e s t i n a l , dermal and neurological e f f e c t s . T h e s e e f f e c t s a p p e a r to be a
result of direct c y t o t o x i c i t y . Long-term exposure (years) to d r i n k i n g water at l ev e l s of a p p r o x i m a t e l y
0.02 m g / k g / d a y have been associated with skin diseases and skin, b ladder , kidney, and l iver cancer. Long-
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term i n h a l a t i o n exposure to arsenic has also been associated with lung cancer at air l eve l s of
0.05-0.07 mg/m 3. It is not clear at th i s time why long-term t o x i c i t y is d i f f e r e n t between the oral and
inha la t i on routes, given that arsenic is eas i ly absorbed into the systemic c ircu la t ion by both routes.

2.4.2 Mechani sms of T o x i c i t y

Effect of Metabolism on Toxicity. The e f f e c t of metabol i sm on t o x i c i t y appear s to depend on dose. In
r e la t i v e ly high oral exposures (>0.05 m g / k g / d a y ) , it is l i k e l y that me thy la t i on c a p a c i t y is not adequate to
prevent cyto tox i c level s of As(+3) f rom reaching tissues. At lower long-term doses, which have been
associated w i t h cancer, the r e l a t i o n s h i p between m e t a b o l i s m and t o x i c i t y is the object of debate. The
demand of arsenic on c e l l u l a r m e t h y l a t i n g c a p a c i t y ( p a r t i c u l a r l y the co- fac tor S - a d e n o s y l m e t h i o n i n e ) may
lower the e f f i c i e n c y of other c e l l u l a r m e t h y l t r a n s f e r a s e s . T h e s e e f f e c t s on DNA m e t h y l a t i n g a c t i v i t y are
discussed below.

Target Organ Toxicity. R e l a t i v e l y high-dose acute- and in t e rmed ia t e -dura t i on t o x i c i t y appears to be the
result of arsenic c y t o t o x i c i t y . Reduced inorganic arsenic (As+3) reacts s t r o n g l y wi th s u l f h y d r y l groups in
pro t e in s and inac t iva t e s many enzymes. A p a r t i c u l a r target in the cell is the mitochondria, which
accumulates arsenic (Goyer 1 9 9 1 ) . Arsenic i n h i b i t s succinic dehydrogenase a c t i v i t y and can uncoupl e
o x i d a t i v e p h o s p h o r y l a t i o n ; t h e r e s u l t i n g f a l l i n A T P leve l s a f f e c t s v i r t u a l l y a l l c e l l u l a r f u n c t i o n s ( N a + / K +
balance, prote in synthes i s , etc.).

Carcinogenesis. The EPA and the IARC c l a s s i f y arsenic as a carcinogen for which there is s u f f i c i e n t
epidemiological evidence to s u p p o r t a causal r e l a t i o n s h i p between exposure to arsenic and skin cancer.i*

U n l i k e the large m a j o r i t y of substances considered as human carcinogens based on e p i d e m i o l o g i c a l
evidence, arsenic alone w i l l not induce cancer in rodent models. The g eno tox i c i ty database for arsenic
indicates that it does not induce point mutations or DNA adducts , but chromosomal aberrations and sister
chromatid exchanges have been reported. Arsenic can al so p o t e n t i a t e mutagenic i ty observed with other
chemicals. T h i s p o t e n t i a t i o n may be the re sul t of direct in t er f er ence by arsenic with DNA repair processes,
p erhap s by inh i b i t ing DNA l iga s e (Li and Rossman 1989). F i n a l l y , arsenic can also induce DNA
a m p l i f i c a t i o n (Lee et al. 1988).

Several c e l l u l a r model systems are in use to e l u c ida t e the molecular mechanisms of arsenic carc inogenic i ty,
that is, how arsenic can induce a permanent change in the genome r e s u l t i n g in t ran s f ormat i on .
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E f f e c t s of arsenic on DNA methylat ion are the focus of two models. In the f i r s t , arsenite exposure in the
human lung adenocarcinoma cell line A549 resulted in hypermethylation of cytosine in the promoter region
of the tumor suppres sor gene p53 ( M a s s and Wang 1997). H y p o m e t h y l a t i o n throughout the genome was
found in a rat liver cell line (TRL 1215) that had been exposed to submicromolar sodium arsenite for
18 weeks (Zhao et al. 1997). T h e s e c e l l s exhibited aberrant gene expres s ion and had undergone malignant
t rans f ormat i on as demonstrated by the induc t ion of tumors when injec t ed into N u d e mice. Changes in
methyla t i on of DNA can a f f e c t its structural s t a b i l i t y and result in chromosomal damage l e a d i n g d i r e c t l y to
t rans format ion.

The t i s s u e - s p e c i f i c i t y of arsenic carc inogenic i ty in humans is being studied in pr imary human ep idermal
keratinocytes (Germolec et al. 1997). Low micromolar concentrations of sodium arsenite re sul t ed in
n e o p l a s i a accompanied by increased mRNA t r a n s c r i p t s and secretion of growth f a c t o r s i n c l u d i n g
granulocyte macrophage-colony s t i m u l a t i n g f a c t o r ( G M - C S F ) , t r a n s f o r m i n g growth f a c t o r a l p h a ( T G F - a ) ,
and the cytokine tumor necrosis f a c t o r a l p h a (TNF-ct). Arsenic in dr ink ing water al so increased the
number of skin p a p i l l o m a s in transgenic mice in which dermal a p p l i c a t i o n of phorbol esters induce
p a p i l l o m a s ( g e n e t i c a l l y i n i t i a t e d mice). T h e s e re sul t s s u p p o r t a h y p o t h e s i s tha t chronic low-level exposure
to arsenic s t i m u l a t e s keratinocyte secretion of growth f a c t o r s , the r e s u l t i n g increased c e l l u l a r d i v i s i o n (and
concomitant DNA r e p l i c a t i o n ) a l l o w s greater o p p o r t u n i t i e s for genetic damage to occur.

2.4.3 A n i m a l - t o - H u m a n E x t r a p o l a t i o n s

The u s e f u l n e s s of animal models for t o x i c i t y s tud i e s wi th arsenic i s l i m i t e d by two major f a c t o r s . First and
most i m p o r t a n t l y , no animal model e x i s t s for the h e a l t h e f f e c t of greatest concern for human exposure ,
carc inogeni c i ty in skin and other organs a f t e r oral exposure. S e c o n d , the p a t t e r n of m e t a b o l i s m in humans
( s i g n i f i c a n t excretion of the monomethylat ed form of inorganic arsenic) is unl ike other mammalian species .
The ratios of inorganic to organic arsenic excreted also vary between species. The rat sequesters arsenic in
its erythrocyte s and is not a s u i t a b l e model for human t o x i c i t y .
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2 . 5 R E L E V A N C E T O P U B L I C H E A L T H

Overview.

Arsenic is a potent toxicant that may exist in several valence s ta t e s and in a number of inorganic and
organic forms. Most cases of arsenic-induced t o x i c i t y in humans are due to exposure to inorganic arsenic,
and there is an extensive database on the human heal th e f f e c t s of the common arsenic oxides and oxyacids.
A l t h o u g h there may be some d i f f e r e n c e s in the potency of d i f f e r e n t chemical forms (e.g., arsenites tend to
be somewhat more toxic than arsenates), these d i f f e r e n c e s are u sua l ly minor and are not focused on in this
p r o f i l e .

Exposures of humans near hazardous waste sites could involve i n h a l a t i o n of arsenic du s t s in air, inge s t i on
of arsenic in water, f o o d , or s o i l , or dermal contact wi th contaminated soil or water. By the i n h a l a t i o n
route, the e f f e c t of greatest p u b l i c h e a l t h concern is increased risk of l u n g cancer, a l t h o u g h r e s p i r a t o r y
irr i ta t ion, nausea, and skin e f f e c t s may also occur. As summarized in T a b l e 2-1 and F i g u r e 2-1 in
S e c t i o n 2.2.1 (above), there are only a few quant i ta t iv e data on noncancer e f f e c t s in humans exposed to
inorganic arsenic by the i n h a l a t i o n route. However, it appear s that such e f f e c t s are u n l i k e l y below a
concentration of about 0.1-1.0 mg A s / m 3 .

The oral route of exposure can be the predominant exposure p a t h w a y for the general p o p u l a t i o n . The
e f f e c t s most l ike ly to be of human heal th concern from ingestion of arsenic are gas tro int e s t inal i rr i ta t i on ,
per iphera l neuropathy, vascular l e s ions , anemia, a group of skin di s ease s , i n c l u d i n g skin cancer, and other
cancers of the internal organs i n c l u d i n g b ladder , kidney, l iver, and l u n g cancer. As summarized in
T a b l e 2-3 and F i g u r e 2-3 in S e c t i o n 2.2.2 (above), most of the noncancer e f f e c t s tend to occur at s imi lar
oral exposure l ev e l s , i n d i c a t i n g that the dose-response curves for these e f f e c t s are s i m i l a r . For acute
exposures, most reported LOAEL values are about 1 mg A s / k g / d a y (see F i g u r e 2-3). However, these data
are mainly from case report s of f a t a l or near-fatal exposures, so it is l i k e l y that lower acute doses could
also produce the characterist ic signs of acute arsenic t o x i c i ty . For i n t e r m e d i a t e - d u r a t i o n exposure, most
oral L O A E L s range from about 0.05 to 0.5 mg A s / k g / d a y , whi l e chronic L O A E L s range f rom about
0.01 to 0.1 mg A s / k g / d a y , wh i l e chronic oral N O A E L values range f r o m 0.0004 to 0.0009 mg A s / k g / d a y
(see F i g u r e 2-3). Based on these data, the chronic oral MRL is e s t imated to be 0.0003 mg A s / k g / d a y .
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R e l a t i v e l y little in format ion is available on e f f e c t s due to direct dermal contact with inorganic arsenical s ,
but several studies indicate the chief e f f e c t is local irritation and dermatitis, with l i t t l e risk of other adverse
e f f e c t s .

H u m a n s may also be exposed to a variety of organic arsenicals ( m a i n l y methyl and phenyl der ivat ive s of
arsenic a c id) , since these are widely used in agriculture. A l t h o u g h human h e a l t h e f f e c t s data are sparse, it

Xis generally considered that organic arsenicals are s u b s t a n t i a l l y less toxic than the inorganic forms.
However, ava i lab l e data (mainly from animal s tud i e s) make clear that adequate doses of the methyl and
phenyl arsenates can produce adverse health e f f e c t s that resemble those of the inorganic ar s enica l s , and so
the p o s s i b i l i t y of h e a l t h risks f rom the organic arsenicals should not be d i sr egarded .

Presented below are more de ta i l ed d e s c r i p t i o n s and di scus s ions of the charac t er i s t i c adverse e f f e c t s of the
inorganic and organic arsenicals most l ik e ly to be of concern to humans. T h e s e e v a l u a t i o n s f o c u s on
human h e a l t h e f f e c t s data wherever po s s i b l e , since most s t ud i e s in animal s suggest t ha t an imal s are less
s ens i t ive to arsenic than humans. Animal data are presented when human data are la ck ing , but these data
should be e x t r a p o l a t e d to humans only with caution. I s s u e s relevant to c h i l d r e n are e x p l i c i t l y d i s cus s ed in
S e c t i o n s 2.6, Chi ldren' s S u s c e p t i b i l i t y , and 5.6, Exposures o f C h i l d r e n .

M i n i m a l Risk Levels f or Arsenic.

Inhalation MRLs.

No i n h a l a t i o n M R L s were derived for arsenic.

I I Oral MRLs.
l i

° An MRL of 0.0003 m g / k g / d a y has been derived for chronic-duration (365 days or more) oral
exposure to arsenic.

T s e n g et al. ( 1 9 6 8 ) and T s e n g ( 1 9 7 7 ) inves t igated the incidence of B l a c k f o o t d i s ease and dermal l e s ions
( h y p e r k e r a t o s i s and h y p e r p i g m e n t a t i o n ) in a large number of poor farmer s (bo th male and f e m a l e ) exposed
to h igh l eve l s of arsenic in well water in Taiwan. A control group c o n s i s t i n g of 17,000 p e o p l e , i n c l u d i n g
one group in which arsenic exposure was "undetermined" and included those v i l l a g e s where arsenic-
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contaminated w e l l s were not longer used or the level could not be c l a s s i f i e d , and a control p o p u l a t i o n of
7,500 p e o p l e who consumed water f r o m w e l l s almost free of arsenic (0.001-0.017 p p m ) was al so examined.
The authors stated that the incidence of dermal l e s ions increased wi th dose, but i n d i v i d u a l doses were not
p r o v i d e d . However, incidence data were prov ided based on s t r a t i f i c a t i o n of the exposed p o p u l a t i o n into low
(<300 n g / L ) , medium (300-600 n g / L ) , or h igh (>600 ug/L) exposure l e v e l s . Doses were ca l cu la t ed f rom
group mean arsenic concentrations in wel l water, a s suming the intake parameters described by Abernathy et
al. ( 1 9 8 9 ) . A c c o r d i n g l y , the c on tro l , low-, medium-, and h igh-expo sur e l e v e l s correspond to doses of 0.0008,
0.014,0.038, and 0.065 mg A s / k g / d a y , r e s p e c t i v e l y . The N O A E L (0.0008 m g / k g / d a y ) was l i m i t e d by the
f a c t that the m a j o r i t y of the control p o p u l a t i o n was less than 20 years of age, and the inc idence of skin lesions
increased as a f u n c t i o n of age (see A p p e n d i x A for MRL worksheets).

No acute- or in t e rmed ia t e -dura t i on oral MRLs were derived due to lack of s u i t a b l e s tud i e s .

Death. There have been many reported cases of death in humans due to inges t ion of inorganic arsenicals.
A c u t e l e t h a l i t y i s u s u a l l y a t t r i b u t a b l e to c a r d i o p u l m o n a r y c o l l a p s e ( L e v i n - S c h e r z et al. 1987; S a a d y et al.
1989), while d e l a y e d l e t h a l i t y r e s u l t s f r om f a i l u r e of one or more of the many t i s sue s i n j u r e d .by arsenic

( C a m p b e l l and A l v a r e z 1989). Es t imate s of the minimum l e t h a l oral dose in humans range f rom 1 to 3 mg
A s / k g / d a y ( A r m s t r o n g et al. 1984; H o l l a n d 1904; V a l l e e et al, 1960), a l t h o u g h there may be cons iderable
variat ion between i n d i v i d u a l s . Le tha l oral doses are u s u a l l y h igher in a n i m a l s ( 1 5 - 1 1 0 mg A s / k g ) (Gaine s
1960; H a r r i s s o n et al. 1958), cons i s t en t w i th the general trend that a n i m a l s are le s s s en s i t iv e to arsenic than
humans. No cases were located r egard ing death in humans f r o m i n h a l a t i o n exposure to inorganic arsenicals.
The reason for t h i s appar en t route s p e c i f i c i t y i s not c lear, but migh t s i m p l y be due to lower exposure l e v e l s ,
or p e r h a p s to t o x i c ok ine t i c d i f f e r e n c e s in exposure rate or arsenic metabol i sm. Dermal exposure to inorganic
arsenical s has not caused l e t h a l i t y in humans, p r e s u m a b l y because dermal a b s o r p t i o n is very l i m i t e d .

No cases of dea th in humans were located that are a t t r i b u t a b l e to expo sure to organic arsenical s , but s tud i e s
in a n i m a l s show that inge s t i on or i n h a l a t i o n of organic arsenical s (DMA, MMA, roxarsone) may be l e t h a l .
Fatal doses by the i n h a l a t i o n route are so h i g h (above 2,000 mg A s / m 3 ) ( S t e v e n s et al. 1979) as to be of no
prac t i ca l concern, w h i l e most oral and parenteral l e t h a l doses range f r o m 15 to 960 mg A s / k g / d a y , d e p e n d i n g
on the compound and the animal spe c i e s ( J a g h a b i r et al. 1988; K a i s e et al. 1989; NTP 1989b; Rogers et al.
1 9 8 1 ; S t e v e n s e t a l . 1979).
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Respiratory Effects. I n h a l a t i o n of inorganic arsenic dus t s ( u s u a l l y containing mainly arsenic t r i o x i d e ) is
i r r i t a t i n g to the nose, throa t , and l u n g s , and can lead to hoarseness, b r onch i t i s , and r h i n i t i s ( D u n l a p 1921;
Morton and Caron 1989). However, chronic f u n c t i o n a l impairment of r e s p i r a t i o n is not u s u a l l y observed
even in workers exposed to h igh l eve l s of arsenic t r i o x i d e in air (Perry et al. 1948). E f f e c t s on the l u n g
may a c t u a l l y be more pronounced f o l l o w i n g high-dose (i.e., n e a r - l e t h a l ) oral exposure , where edema and
hemorrhagic l e s ions have been noted ( C a m p b e l l and Alvarez 1989; F i n c h e r and Koerker 1987). It seems
p o s s i b l e that th i s is due mainly to an e f f e c t of inges ted arsenic on p u l m o n a r y blood ves s e l s rather than on
a lveo lar c e l l s , but th i s is not known with cer tainty. R e s p i r a t o r y e f f e c t s are u s u a l l y not l i s t e d among the
s y m p t o m s in humans exposed to moderate or low oral doses of inorganic arsenic (e.g., Borgono and
Greiber 1972; Chakraborty and S a h a 1987; M i z u t a e t al . 1 9 5 8 ) , a l t h o u g h s p e c i f i c f u n c t i o n a l or h i s t o l o g i c a l

' s t ud i e s have not been per formed in these groups.

The e f f e c t s of organic arsenical s on the r e s p i r a t o r y tract have not been wel l s t u d i e d . T h e r e are no d a t a by
any route f rom human s tud i e s , but acute r e sp i ra t ory d i s t r e s s and l u n g i n j u r y have been repor t ed in mice
that inhaled very high l eve l s of DMA (Stevens et al. 1979). S i n c e only h igh exposures were i n v e s t i g a t e d , it
is not p o s s i b l e to compare the r e la t iv e i r r i t a n c y and r e s p i r a t o r y t o x i c i t y of the organic and inorganic
ars enica l s .

Cardiovascular Effects. Several s t u d i e s of sme l t e r workers have repor t ed tha t chronic e x p o s u r e to arsenic
t r i o x i d e may increase the risk of d y i n g f rom card i ova s cu lar d i s ea s e ( A x e l s o n e t al. 1978; J e n s e n and
H a n s e n 1998; L e e - F e l d s t e i n 1983; W a l l 1980). However , other c o n f o u n d i n g f a c t o r s may have p r e d i s p o s e d
these workers to card i ova s cu lar disease (i.e., l e a d , c i g a r e t t e smoking). High oral doses o f inorganic

• arsenic can lead to marked cardiac arrhythmia s and a l t er ed e l e c t r o c a r d i o g r a m s in humans (e.g. , G l a z e n e r et
al. 1968; L i t t l e et al. 1990). In severe cases, t h i s can lead to premature v e n t r i c u l a r c o n t r a c t i o n s and
ven tr i cu lar ta chycard ia that require medical in t ervent ion ( G o l d s m i t h and F r o m 1986) or may even r e s u l t in
death ( H a l l a n d H a r r u f f 1989).

Chronic oral exposure to lower l ev e l s of inorganic arsenic can a l s o r e s u l t in serious damage to the vascular
system. The most extreme m a n i f e s t a t i o n of t h i s is " B l a c k f o o t disease," a progre s s ive l o s s of c i r c u l a t i o n in
the f i n g e r s and toes that u l t i m a t e l y l eads to gangrene (Chen et al. 1988b; Chi and B l a c k w e l l 1968; T s e n g et
al. 1968, 1995). T h i s disease has on ly been reported in one area of T a i w a n , and it seems l i k e l y t ha t other
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fa c t or s (e.g., f luore scent humic substances in the water) may contribute to the severity of the e f f e c t besides
the elevated level of arsenic intake (Ko 1986; Lu et al. 1990; Yu et al. 1984). If so, Blackfoot disease
per se may not be l i k e l y to occur in other areas, but less severe signs of vascular in jury (Raynaud's disease,
cyanosis of f i n g e r s and toes) have been noted in several other p o p u l a t i o n s exposed to inorganic arsenic,
both by inha la t i on (Lagerkvis t et al. 1986, 1988) and by the oral route (Borgono and Greiber 1972; Roth
1957; Z a l d i v a r 1977). The mechanism of thi s e f f e c t is not clear, but h i s t o l o g i c a l examination of blood
vessels from exposed persons reveals an int imal thickening that may lead to vessel occlusion (Rosenberg
1974).

Pos s i b l e myocardial or vascular e f f e c t s have not been inves t igated for the organic arsenical s , either in
humans or animals.

Gastrointestinal Effects. N a u s e a , vomiting, and diarrhea are very common symptoms in humans
f o l l o w i n g oral exposure to inorganic arsenicals , both a f t e r acute high-dose exposure (e.g., Armstrong et al.
1984; Lev in-Scherz et al. 1987; Lugo et al. 1969) and a f t e r repeated exposure to lower doses (e.g.,
Borgono and Greiber 1972; M i z u t a et al. 1956). T h e s e e f f e c t s are l i k e l y due main ly to a direct i r r i t a t i on of
the g a s t r o i n t e s t i n a l mucosa. S i m i l a r e f f e c t s have also been observed f o l l o w i n g intermediate- or chronic-
durat ion i n h a l a t i o n exposure (Beckett et al. 1986; Ide and B u l l o u g h 1988; Morton and Caron 1989),
pre sumab ly because of the t r a n s f e r of inhaled p a r t i c u l a t e s f rom the re sp iratory tree to the stomach via
mucociliary clearance. By either route, ga s t r o in t e s t ina l symptoms u s u a l l y wane w i t h i n several days a f t e r
exposure ceases ( M i z u t a et al. 1956).

The e f f e c t s of organic arsenicals on the ga s t r o in t e s t ina l tract have not been as t h o r o u g h l y inve s t iga t ed . No
report s were located of g a s t r o i n t e s t i n a l c o m p l a i n t s in humans exposed to organic ar s enica l s , but i n h a l a t i o n
exposure of rats to h igh doses of DMA can cause diarrhea ( S t e v e n s et al. 1979), and oral exposure of
rabbits to MMA can cause i n t e s t i n a l i rr i ta t i on and weakening of the i n t e s t i n a l wall ( J a g h a b i r et al. 1989).
These data suggest that the organic arsenicals are capable of produc ing ga s t r o in t e s t ina l e f f e c t s s imilar to
the inorganic arsenical s , but the da ta are too sparse to make quant i ta t iv e comparisons.

Hematological Effects. Anemia is o f t e n observed in humans exposed to arsenic by the oral route (e.g.,
Armstrong et al. 1984; Glazener et al. 1968; Mizu ta et al. 1956; W e s t h o f f et al. 1975). T h i s is p robab ly
due mainly to a toxic e f f e c t on the erythropo i e t i c c e l l s of bone marrow ( F r a n z b l a u and L i l i s 1989; Lerman
et al. 1980; W e s t h o f f et al. 1975), a l t h o u g h increased hemolysi s may also contribute ( G o l d s m i t h and From
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1986; K y l e and Pease 1965). Leukopenia is also common in cases of oral exposure to inorganic arsenical s
(e.g., Armstrong et al. 1984; Franzb lau and L i l i s 1989; Kyle and Pease 1965). S i m i l a r depre s s i on of red or
white blood c e l l s has not been reported in workers exposed by the i n h a l a t i o n route (e.g., Beckett et al.
1986; B o l l a - W i l s o n and Bleecker 1987; Ide and B u l l o u g h 1988; Morton and Caron 1989). As di scus sed
above, the reason for th i s is not clear but may be s i m p l y a f u n c t i o n of dose.

I n f o r m a t i o n on p o s s i b l e hematological e f f e c t s of organic arsenicals is sparse. No e f f e c t s were observed in
humans exposed to ar sani l i c acid ( W a t r o u s and McCaughey 1945), and no e f f e c t s were detected in animals
exposed to MMA, D M A , or roxarsone (NTP 1989b; Prukop and S a v a g e 1986; S i e w i c k i 1 9 8 1 ) . T h e s e
data suggest that the organic arsenical s have low h e m a t o t o x i c i t y , but the da ta are too l i m i t e d to draw f i r m
conclus ions , p a r t i c u l a r l y f or humans.

Hepatic Effects. Oral exposure of humans to inorganic arsenical s o f t e n produce a swo l l en and tender l iver
(e.g., Chakraborty and S a n a 1987; Mazumder et al. 1988; M i z u t a et al. 1956; S i l v e r and W a i n m a n 1952;
W a d e and Frazer 1953). However, there i s u s u a l l y only marginal evidence of h e p a t i c c e l l i n j u r y (e.g.,
elevated serum enzyme l e v e l s ) (Arms trong et al. 1984; F r a n z b l a u and L i l i s 1989), and h i s t o l o g i c a l
examination sugges t s that the p r i n c i p a l le s ion is a p o r t a l tract f i b r o s i s and c irrhos i s t ha t r e s u l t s in p o r t a l
hyper t en s i on ( F r a n k l i n et al. 1950; Mazumder et al. 1988; Morris et al. 1974; S z u l e r et al. 1979). T h u s ,
the h e p a t i c e f f e c t s may be l arg e ly vascular in origin. S i m i l a r h e p a t i c e f f e c t s have not been noted in workers
exposed to inorganic arsenic by the i n h a l a t i o n route ( B o l l a - W i l s o n and Bleecker 1987; Ide and B u l l o u g h
1988). However, too few human s u b j e c t s have been s tudi ed to draw f i r m conclus ions .

No i n f o r m a t i o n was located on h e p a t o t o x i c e f f e c t s of organic ar s en i ca l s in humans, a l t h o u g h some mild
e f f e c t s on l iver weight and h i s t o l o g i c a l appearance have been detected in rats and mice given repeated oral
doses of roxarsone (NTP 1989b) and rabbi t s given MMA ( J a g h a b i r et al. 1989). T h e s e d a t a are too
l imi t ed to j u d g e whether the organic arsenicals act on th& l iver s i m i l a r l y to inorganic arsenic.

Renal Effects. S i g n s of renal i n j u r y are u s u a l l y mild or absent in cases of humans exposed to inorganic
arsenic ei ther by the oral route (Armstrong et al. 1984; J e n k i n s 1966; M i z u t a et al. 1 9 5 6 ) or by the
i n h a l a t i o n route ( B o l l a - W i l s o n and Bleecker 1987; Ide and B u l l o u g h 1988). T h e s e ob s ervat ions suggest
that the kidney is r e l a t i v e l y less s ens i t ive to inorganic arsenic than other sys temic target t i s s u e s , and that
renal e f f e c t s are u n l i k e l y to be of major human h e a l t h concern.
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No information was located on renal e f f e c t s of organic arsenicals in humans, but h i s t o l og i ca l signs of
tubular damage have been noted in rats given repeated oral doses of roxarsone (NTP 1989b) and in rabbit s
given repeated oral doses of MMA ( J a g h a b i r et al. 1989). T h i s sugges t s that the organic arsenicals may
have limited nephro t ox i c i ty , but it is difficult to j u d g e the s i gn i f i canc e of these observation for humans
exposed to organic arsenicals.

Dermal Effects. Perhaps the s ing l e most common and characteris t ic sign of exposure to inorganic arsenic
is a triad of dermatological m a n i f e s t a t i o n s , i n c l u d i n g hyperkera t in i za t i on of the skin ( e s p e c i a l l y on the
palms and so l e s), f o rmat i on of m u l t i p l e hyperkeratinized corns or warts, and hyperp igmen ta t i on of the skin
with interspersed s p o t s of h y p o p i g m e n t a t i o n . One or more of these e f f e c t s have been noted in numerous
s tudies of intermediate or chronic oral exposure to inorganic arsenic (e.g., Borgono and Greiber 1972;
Cebrian et al. 1983; Chakraborty and S a h a 1987; Mazumder et al. 1988; N a g a i et al. 1956; Tay and Seah
1975; T s e n g et al. 1968; Z a l d i v a r 1977), and s imi lar e f f e c t s have also been noted only rarely in workers
exposed to inorganic arsenic p r i m a r i l y by the inha la t i on route (Perry et al. 1948). T h e s e e f f e c t s a p p e a r to
be of r e l a t i v e l y little h e a l t h s i gn i f i canc e in their own r igh t , a l t h o u g h a smal l f r a c t i o n of the hyperkera t in iz ed
corns may u l t i m a t e l y progress to squamous cell carcinoma of the skin (see below).

S i n c e these skin le s ions appear to be the earliest observable sign of chronic exposure, t h i s end po in t is
considered to be the most a p p r o p r i a t e for der ivat ion of a chronic-durat ion M R L . Oral exposure data f rom
s tudie s in humans (Cebrian et al. 1983; H i n d m a r s h et al. 1977; S o u t h w i c k et al. 1 9 8 1 ; T s e n g 1977; T s e n g
et al. 1968) i d e n t i f y a chronic average d a i l y intake of about 0.01-0.02 mg A s / k g / d a y as the a p p r o x i m a t e
LOAEL for skin l e s i on s , and i n d i c a t e the N O A E L is between 0.0004 and 0.0009 mg A s / k g / d a y . The
N O A E L of 0.0008 mg A s / k g / d a y i d e n t i f i e d by T s e n g et al. ( 1 9 6 8 ) and T s e n g ( 1 9 7 7 ) has been selected as
the most a p p r o p r i a t e basis for c a l c u l a t i o n of a chronic oral MRL for inorganic arsenic because of the large
number of p e o p l e in the s tudy. However, because the p o p u l a t i o n in the no- e f f e c t group were r e l a t i v e l y
young ( o n l y 38% older than 20 and 17% older than 40), there is some chance that dermal e f f e c t s might not
have had time to occur and might become mani f e s t as the p o p u l a t i o n ages. For t h i s reason, the MRL is
derived from the N O A E L by an uncertainty f a c t o r of 3. Chronic i n h a l a t i o n data suggest that exposure of
workers to about 0.1-1.0 mg A s / m 3 may lead to h y p e r k e r a t i n i z a t i o n and h y p e r p i g m e n t a t i o n (Perry et al.
1948), but in the absence of other s tudie s to s u p p o r t th i s , and without i d e n t i f i c a t i o n of a r e l iab l e N O A E L ,
these data are not considered s u f f i c i e n t for derivat ion of a chronic i n h a l a t i o n MRL.
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Direct dermal contact with inorganic arsenicals may cause irritation and contact d ermat i t i s . U s u a l l y the
e f f e c t s are mild (erythema and s w e l l i n g ) but may progress to p a p u l e s , vesicles, or necrotic l e s i on s in
extreme cases ( H o l m q v i s t 1951). These c ond i t i on s tend to heal without treatment if exposure ceases.
E f f e c t s of this sort have only been observed in workplace environments where there are h igh l ev e l s of
arsenic dus t s ( H o l m q v i s t 1 9 5 1 ; Pinto and M c G i l l 1 9 5 3 ) , and have not been noted in p e o p l e exposed to
arsenic in water or soil (pre sumably because the concentrations of arsenic that contact the skin f r o m water
or soil are too low to cause s i g n i f i c a n t irr i ta t ion).

L i t t l e in format i on was located on dermal e f f e c t s of organic arsenicals . Workers exposed to a r s a n i l i c acid
did not c ompla in of dermal problems ( W a t r o u s and M c C a u g h e y 1 945), but no direct examination or
comparison of dermal appearance of the workers wi th a control group was p e r f o r m e d . Rats exposed to
very high concentrations of DMA developed erythema on the ears and fee t along with encrustations around
the eyes ( S t e v e n s et al. 1979). The s e e f f e c t s were pr e sumab ly due to direct i r r i t a t i o n f r o m dermal contact ,
sugge s t ing that at least some of the organic arsenicals may be able to cause contact d e rmat i t i s . However ,
these data are too l imi t ed to draw f i r m conclus ions .

Ocular Effects. L i t t l e i n f o r m a t i o n was located on ocular e f f e c t s of organic ar s enica l s .

I m n n u n o 8 o g i c a l E f f e c t s . No s tud i e s were located on immune e f f e c t s in humans a f t e r oral e xpo sure to
inorganic arsenicals , but workers exposed to arsenic du s t s in air did not have a l t e r e d l e v e l s of a n t i b o d i e s in
their blood (Bencko et al. 1988). Mice exposed to arsenate in dr ink ing water did not d i s p l a y any s igns of
immunotox ic i ty ( K e r k v l i e t et al. 1980), and mice given intratracheal doses of sodium ar s en i t e had
decreased humoral responsiveness to antigens but no measurable decrease in r e s i s tance to bac t er ial or
c e l l u l a r pa thogens ( S i k o r s k i et al. 1989). Repeated dermal contact w i t h arsenic d u s t s in the w o r k p l a c e may
lead to dermal s ens i t iza t ion ( H o l m q v i s t 1 9 5 1 ) , but s en s i t i za t ion a p p e a r s to be very rare in the general
p o p u l a t i o n ( W a h l b e r g and Boman 1986). Overal l , these data suggest tha t the immune sys t em is p r o b a b l y
not a major target of arsenic, but the data are too sparse to draw f i r m conclusions.

No s tudie s were located regarding immunological e f f e c t s in humans or a n i m a l s a f t e r e xpo sure to organic
arsenicals.

E f f e c t s . S i g n s of p er iphera l and/or central n e u r o p a t h y are common in humans exposed
to inorganic arsenicals by the oral route and have also been observed in some workers exposed by the
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i n h a l a t i o n route. Acut e , high-dose exposure can lead to e n c e p h a l o p a t h y , with c l i n i c a l s igns such as
c on fu s i on , h a l l u c i n a t i o n s , impaired memory, and emotional l a b i l i t y (Beckett et al. 1986; Danan et al. 1984;
Morton and Caron 1989). In f a t a l or near- fa ta l cases, t h i s may progres s to seizures and coma (Armstrong
et al. 1984; F i n c h e r and Koerker 1987), whi l e lower-level exposure can lead to s i g n i f i c a n t p e r iph era l
neuropathy (e.g., F e l d m a n et al. 1979; H u a n g et al. 1985; Landau et al. 1977; M i z u t a et al. 1956; S i l v e r
and Wainman 1952). T h i s neuropathy is u s u a l l y f i r s t detected as a numbness in the hands and f e e t , but
may progress to a p a i n f u l "pins and needles" sensat ion ( F r a n z b l a u and L i l i s 1989; J e n k i n s 1966; Le
Quesne and McLeod 1977). Both sensory and motor neurons are a f f e c t e d , with d i s t a l axon degenerat ion
and d e m y e l i n a t i o n (Goebel et al. 1990; H i n d m a r s h and M c C u r d y 1986). More advanced symptoms i n c l u d e
weakness, l o s s of r e f l e x e s , and w r i s t - d r o p or a n k l e - d r o p ( C h h u t t a n i et al. 1967; H e y m a n et al. 1956).
Thes e e f f e c t s may d i m i n i s h a f t e r exposure ceases, but recovery is s low and u s u a l l y is not c o m p l e t e (Beckett
et al. 1986; F i n c h e r and Koerker 1987; Le Quesne and McLeod 1977; Morton and Caron 1989; M u r p h y et
a l . 1 9 8 1 ) .

No s t u d i e s were located regarding neurological e f f e c t s in humans a f t e r e xpo sure to organic ar s en i ca l s , but
p i g s given repeated oral doses of roxarsone deve loped "muscle tremor, p a r a l y s i s , and seizures (Edmonds and
Baker 1986; Rice et al. 1985), a l o n g wi th a degeneration of mye l ina t ed axons in the s p i n a l cord ( K e n n e d y
et al. 1986). T h e s e f i n d i n g s ind i ca t e that n e u r o t o x i c i t y may be an e f f e c t of concern for organic as well as
inorganic ar s eni ca l s , but it is not p o s s i b l e to e s t ima t e human N O A E L or LOAEL values f r o m the e x i s t i n g
data.

Reproduc t iv e E f f e c t s . Only l i m i t e d i n f o r m a t i o n e x i s t s on the r eproduc t iv e e f f e c t s o f inorganic
arsenic. Only one human s t u d y was located ( L u g o et al. 1969), in which a 30-week g e s t a t i o n l iv e i n f a n t
was de l ivered a f t e r maternal i n g e s t i o n of 0.39 m g / k g As, and died 11 days la t e r . In a d d i t i o n , o n l y one
s t u d y ( S c h r o e d e r and Mitchner 1 9 7 1 ) , a 3-generation oral exposure s t u d y in mice, has been p e r f o r m e d in
animals. T h i s s t u d y revealed no s i g n i f i c a n t e f f e c t s on r eproduc t i v e success at 1.2 m g / k g / d a y , a l t h o u g h a
s l i g h t trend toward decreased p u p s per l i t t e r and a s l i g h t l y altered mal e: f emal e ratio were noted. In the
absence of a d d i t i o n a l da ta , no f i r m conclus ions can be drawn, but t h i s s t udy does not i n d i c a t e that
inorganic arsenic is a potent reproduc t ive t ox i cant .

Data are also very l imited on the reproduc t ive e f f e c t s of organic arsenical s . No s t u d i e s were located on
e f f e c t s in humans, but oral exposure of male mice to MMA re su l t ed in a clear decrease in the number of
f emal e s producing l i t t e r s (Prukop and Savage 1986). T h i s suggests that MMA might interfere with sperm

" • D R A F T F O R P U B L I C C O M M E N T " *



ARSENIC 142
2 . H E A L T H E F F E C T S

f : l l ' i t"to' production, but the e f f e c t s could also be due to reduced mating as a consequence of i l l n e s s f r o m
nonreproductive e f f e c t s . T h u s , in the absence of a d d i t i o n a l i n f o r m a t i o n , the r eproduc t ive t o x i c i t y of
organic arsenicals cannot be evaluated.

Developmental E f f e c t s . There are several ep id emio l og i ca l s tud i e s that have reported an a s so c ia t ion
between exposure to inorganic arsenic and increased risk of adverse d e v e l o p m e n t a l e f f e c t s ( congen i ta l
mal f ormat i on s , low birth weight, spontaneous abortion), both by the i n h a l a t i o n route ( N o r d s t r o m et al.

| rj|| 1978a, 1978b, 1979a, 1979b) and the oral route (Aschengrau et al. 1989; Z i e r l e r et al. 1988). However, in
. all of these s tudie s , the p o p u l a t i o n s were exposed to a number of other chemical s and risk f a c t o r s , which

may have contributed to the observed e f f e c t s , and these s tud i e s p r o v i d e only s ugge s t i v e evidence that
arsenic was a causative agent. A s t u d y by Lugo et al. ( 1 9 6 9 ) reported that an i n f a n t born at 30 weeks
gestation a f t e r maternal ingestion of 0.39 m g / k g As exhib i t ed m u l t i p l e d e v e l o p m e n t a l e f f e c t s , and died at
11 days of age. S t u d i e s in animals, however, do s u p p o r t the view that arsenic is a d e v e l o p m e n t a l t o x i c a n t ,

| l ' f causing reduced b ir th weight, a variety o f f e t a l m a l f o r m a t i o n s (bo th s k e l e t a l and s o f t t i s s u e ) , and increased
f e t a l mor ta l i ty . The s e e f f e c t s have been noted f o l l o w i n g i n h a l a t i o n exposure of mice ( N a g y m a j t e n y i et al.
1985), oral exposure of mice and hamsters ( B a x l e y et al. 1 9 8 1 ; Hood and H a r r i s o n 1982; H o o d et al.
1978), and in traper i t onea l or intravenous i n j e c t i o n of rats, mice, and hamsters (Beaudo in 1974; C a r p e n t e r
1987; Perm and Carpen t e r 1968; Perm et al. 1 9 7 1 ; H a n l o n and Perm 1986c; H o o d and B i s h o p 1972;
Mason et al. 1989; W i l l h i t e 1 9 8 1 ) . However, in all cases the doses required to cause these e f f e c t s were
high (2-20 mg A s / k g / d a y by i n j e c t i o n , 20-70 mg A s / k g / d a y by the oral route, 20 mg A s / m 3 by i n h a l a t i o n ) ,: : t « ' ;
and o f t e n resulted in s i g n i f i c a n t maternal t o x i c i t y or even l e t h a l i t y ( B a x l e y et al. 1 9 8 1 ; H o o d and B i s h o p

| ; 1972; H o o d and Harr i s on 1982). T h e s e data suggest that a l t h o u g h inorganic arsenic is a d e v e l o p m e n t a l
- l l ' i : t ox i cant , the d e v e l o p i n g f e t u s is not e s p e c i a l l y s u s c e p t i b l e , and t e r a t o g e n i c i t y or f e t o t o x i c i t y are u n l i k e l y to

be of concern except at doses that are a l so toxic to the pregnant f e m a l e .

In vitro s tudi e s of inorganic arsenic have shown that arsenic is embryotoxic and teratogenic. Arsenic
s i g n i f i c a n t l y i m p a i r s p r e i m p l a n t a t i o n mouse b la s t o cy s t deve lopment at concentrat ions of 1.5 (urn, and
decreased f i n a l cell number in p r e i m p l a n t a t i o n embryos in cu l ture at 0.1 jam ( H a n n a et al. 1997). S t u d i e s
using mouse whole embryo culture ind i ca t e that arsenic causes nonclosure of the cranial neural tube,/ H!'" ' d i s r u p t i o n of o p t i c and otic d ev e l opment , and forebrain growth d i s r u p t i o n , which i s d e p e n d e n t on
ge s ta t ional age (Tabacova et al. 1996). In a d d i t i o n , p o s t i m p l a n t a t i o n mouse embryos exposed in vivo and
then grown in vitro exhib i t ed altered neural tube cell cycles ( W l o d a r c z y k et al. 1996).

W:!•
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No studies were located regarding deve lopmental e f f e c t s in humans a f t e r exposure to organic arsenicals.
Oral exposure of mice and rats to DMA during ges tat ion resulted in minor f e t a l e f f e c t s ( m a l f o r m e d p a l a t e s ,
decreased weight gain, delayed o s s i f i c a t i o n ) , a l though doses that were mat erna l ly toxic al so caused
increased f e t a l death (Rogers et al. 1981). I n t r a p e r i t o n e a l i n j e c t i o n of hamsters with MM A or DMA
caused no obvious teratogenic or f e t o t o x i c e f f e c t s at a dose of 54 mg A s / k g ( W i l l h i t e 198,1), a l t h o u g h very
high doses (420-460 mg As/kg/day) caused stunted growth, mal f ormat i on s , and both f e t a l and maternal
deaths (Hood et al. 1982). These s tudies suggest that the organic arsenicals are s i g n i f i c a n t l y le s s f e t o t o x i c
than the inorganic arsenicals, and are not l i k e ly to cause deve l opmenta l e f f e c t s in humans except at very
high exposure levels.

Genotoxic E f f e c t s . There have been a large number of s tudie s of the genotoxic e f f e c t s of arsenic.
T a b l e s 2-12 and 2-13 summarize a number of reports on the in vivo and in vitro g eno tox i c i ty of inorganic
arsenicals, r e spe c t iv e ly . The re su l t s are mixed, but in general, it appear s that the inorganic arsenical s are
either inactive or weak mutagens ( J a c o b s o n - K r a m and M o n t a l b a n o 1985), but are able to produce
chromosomal e f f e c t s (aberrations, s i s ter chromatid exchange) in most systems. S t u d i e s of humans have
detected higher-than-average incidence of chromosomal aberrations in p e r i p h e r a l l y m p h o c y t e s , both a f t e r
inha la t i on exposure (Beckman et al. 1977; Nordenson et al. 1978) and oral exposure ( B u r g d o r f et al. 1977;
Nordenson et al. 1979). T h e s e s tudie s must be interpreted with caution, since in most cases there were on ly
a small number of sub j e c t s and a number of other chemical exposures were p o s s i b l e (EPA 1984a).
However, the in vivo f i n d i n g s are s t r ong ly s u p p o r t e d by in vitro s tud i e s u s ing eukaryotic c e l l s (e.g., Lee et
al. 1 9 8 5 ; N a k a m u r o a n d S a y a t o 1981; Zanzoni and J u n g 1980) (see T a b l e 2-13).

The g eno t ox i c i ty of the organic arsenical s has not been as t h o r o u g h l y s t u d i e d , but several t e s t s i n d i c a t e that
DMA and roxarsone may be able to cause mutat ions and DNA strand breaks (see T a b l e 2-14).

Cancer. There is clear evidence f rom studies in humans that exposure to inorganic arsenic may
increase the risk of cancer. In workers exposed by the i n h a l a t i o n route, the predominant carcinogenic e f f e c t
is increased risk of lung cancer (e.g., Axel son et al. 1978; Enterl ine and Marsh 1982; L e e - F e l d s t e i n 1986;
Pinto et al. 1977; W e l c h et al. 1982), a l t h o u g h a few reports have noted increased incidence of tumors at
other sites (e.g., L e e - F e l d s t e i n 1983; Pinto et al. 1977; T s u d a et al. 1987). Based on the risk of l u n g
cancer, EPA has assigned inorganic arsenic to Group A (known human carcinogen) by the i n h a l a t i o n route
(IRIS 1998). T h i s i s s u p p o r t e d by the U . S . Pub l i c H e a l t h Service, which has al so c l a s s i f i e d arsenic as a
known human carcinogen (NTP 1994). In general, most researchers observe that risk increases as a
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f unc t i on of exposure level and duration (Axe l s on et al. 1978; J a r u p et al. 1989; L e e - F e l d s t e i n 1983;
Mabuchi et al. 1979; Pinto et al. .1978). Most cases are seen in workers with chronic exposures , a l t h o u g h
several s tudie s suggest that even short (1 year) exposures may also increase risk ( L e e - F e l d s t e i n 1986;
Sobe l et al. 1988). Computer model ing of ava i lab l e ep id emio l og i ca l data sugge s t s that arsenic acts ma in ly
as a promoter, increasing lung cancer by increasing the rate of a late stage in the carcinogenic sequence,
al though it may al so act at an early stage (Brown and Chu 1983c; Enter l ine and Marsh 1982; Mazumder et
al. 1989).

When exposure occurs by the oral route, the main carcinogenic e f f e c t is increased risk of skin cancer. T h i s
conclusion is based on a number of ep idemio log i ca l s tud i e s of p o p u l a t i o n s exposed to elevated l e v e l s of
arsenic in drinking water (e.g., T s e n g et al. 1968; Wu et al. 1989; Z a l d i v a r 1974), and on numerous case
reports of p e o p l e exposed to Fowler's s o l u t i o n (Bickley and P a p a 1989; Piontek et al. 1989; Sommers and
McManus 1953). Based on these f i n d i n g s , the EPA has placed inorganic arsenic in G r o u p A (known
human carcinogen) for exposure by the oral route. In a d d i t i o n to skin cancer, there are a number of case
reports ( K a s p e r et al. 1984; Lander et al. 1975; Regelson et al. 1968; Roth 1957; Sommers and M c M a n u s
1953) and e p i d e m i o l o g i c a l s t u d i e s ( C h e n e t a l . 1985, 1986, 1988a, 1988b, 1988c; C h i a n g et al. 1988; Wu
et al. 1989) that indicate ingestion of arsenic also increases the risk of internal tumors ( m a i n l y of l iver ,
b ladder , kidney, and lung).

As discussed prev iou s ly (see S e c t i o n 2.2.2.8), EPA has c a l c u l a t e d an oral cancer s l o p e f a c t o r for inorganic
arsenic based on the dose-response data obtained in T a i w a n by T s e n g et al. ( 1 9 6 8 ) . T h i s s l o p e f a c t o r was
c a l c u l a t e d using a model that assumes the dose-response curve is l inear at low doses. R e c e n t l y , it has been
suggested that t h i s s l o p e f a c t o r may over-estimate cancer risks at low dose, since low doses may be l a r g e l y
"de t ox i f i ed" by in vivo m e t h y l a t i o n , p r o d u c i n g a nonlinear dose-response curve ( M a r c u s and R i s p i n 1988).
A d d i t i o n a l considerations currently under intense debate inc lude the adequacy of the model used by EPA
and the accuracy and r e l i a b i l i t y of the T a i w a n exposure data (Brown et al. 1 9 9 7 ) ; a number of host and
environmental f a c t o r s among the Taiwanese that may not be a p p l i c a b l e elsewhere ( C a r l s o n - L y n c h et al.
199); a p o s s i b l e threshold for arsenic carcinogenicity and nonlinearities in the dose-response curve
(Abernathy et al. 1996; S l a y t o n et al. 1996); and the p o s s i b i l i t y of s i g n i f i c a n t exposure to arsenic f rom
sources other than the well water ( C h a p p e l l et al. 1997).

The biochemical mechanism of arsenic-induced carcinogenicity is not known. As discussed p r e v i o u s l y ,
arsenic does not appear to damage DNA by a direct mechanism, but several s t ud i e s s u p p o r t the concept
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that arsenic inhib i t s one or more of the enzymes involved in DNA r e p l i c a t i o n or repair (Li and Rossman
1989; N o r d b e r g and Anderson 1981; Okui and F u j i w a r a 1986; Rossman 1981). Another po s s i b l e
mechanism of arsenic-induced carcinogenicity is incorporation of arsenate into DNA in p la c e of p h o s p h a t e
( N o r d b e r g and Anderson 1981). T h i s concept is consistent wi th observations that arsenate must be present
during DNA synthe s i s in order to be e f f e c t i v e , and would e x p l a i n why arsenic is c la s togenic (the arsenate-
p h o s p h a t e bond would be weaker than the normal p h o s p h o d i e s t e r ) but does not cause gene muta t i on s
( J a c o b s o n - K r a m and M o n t a l b a n o 1985).

B e n e f i c i a l E f f e c t s . There are several s tudie s in animals that suggest that low level s of arsenic in the
diet are b ene f i c ia l or e s s en t ia l . Rats fed a low-arsenic diet (<0.05 ppm of arsenic in f o o d , corresponding to
about 0.0025 mg A s / k g / d a y ) did not gain weight normal ly ( S c h w a r t z 1977; U t h u s et al. 1983), and arsenic
d e p r i v a t i o n has been noted to decrease the growth of o f f s p r i n g from rats, goats, and m i n i p i g s (Anke et al.
1976, 1978; U t h u s et al. 1983). Decreased reproduc t ive success and increased p o s t n a t a l m o r t a l i t y has also
been noted in goat s , m i n i p i g s , and rats maintained on .low-arsenic d i e t s (Anke et al. 1976, 1978; U t h u s et
al. 1983). No s p e c i f i c biochemical mechanism is known by which arsenic could be exer t ing a b ene f i c ia l
e f f e c t , but N i e l s e n et al. ( 1 9 8 0 ) and U t h u s et al. ( 1 9 8 3 ) have proposed that arsenic p l a y s a role in arginine
and/or zinc metabol i sm.

W h i l e these observations suggest that low l eve l s of arsenic may be e s s ent ial or b e n e f i c i a l to animal s ,
several researchers consider the weight of evidence inadequate to conclude th i s wi th certainty ( H i n d m a r s h
and M c C u r d y 1986; S o l o m o n s 1984). ERA ( 1 9 8 8 e ) per formed a d e t a i l e d review of the evidence, and
concluded that e s s e n t i a l l y , a l t h o u g h not rigorously e s t a b l i s h e d , i s p l a u s i b l e .

If arsenic is e s s ent ial or b e n e f i c i a l to animal s , then it could be impor tant to humans as well . If so, the d a i l y
requirement for humans p r o b a b l y l i e s somewhere between 10 and 50 u g / d a y (0.0001-0.0007 mg
A s / k g / d a y ) (EPA 1988e; NAS 1977b). T h i s level of arsenic intake is u s u a l l y provided in a normal diet
(about 50 u g / d a y ; see Sec t i on 5.5), and no cases of arsenic d e f i c i e n c y in humans have ever been reported.

2 . 6 C H I L D R E N ' S S U S C E P T I B I L I T Y

T h i s section di scus se s po t en t ia l heal th e f f e c t s f rom exposures dur ing the period from conception to
matur i ty at 18 years of age in humans, when all b io logical sys tems wi l l have fully deve loped. Potent ial
e f f e c t s on o f f s p r i n g r e s u l t i n g from exposures of parental germ c e l l s are considered, as well as any indirect
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e f f e c t s on the f e t u s and neonate due to maternal exposure dur ing g e s t a t i o n and l a c t a t i o n . Relevant animal
and in vitro models are also discussed.

C h i l d r e n are not small adu l t s . T h e y d i f f e r f rom a d u l t s in th e i r exposures and may d i f f e r in th e i r
s u s c e p t i b i l i t y to hazardous chemicals. Chi ldren' s unique p h y s i o l o g y and behavior can i n f l u e n c e the extent
of their exposure. Exposures of ch i ldren are discussed in S e c t i o n 5.6, Expo sure s of C h i l d r e n .

Children sometimes differ f rom a d u l t s in their s u s c e p t i b i l i t y to hazardous chemical s , but whether there is a
d i f f e r e n c e d e p e n d s on the chemical ( G u z e l i a n et al. 1992; NRC 1993). C h i l d r e n may be more or less
s u s c e p t i b l e than a d u l t s to hea l th e f f e c t s , and the r e l a t i o n s h i p may change w i t h d e v e l o p m e n t a l age ( G u z e l i a n
et al. 1992; NRC 1993). V u l n e r a b i l i t y o f t e n d e p e n d s on d e v e l o p m e n t a l stage. T h e r e are c r i t i c a l p er iod s of
structural and f u n c t i o n a l development d u r i n g both pre-natal and p o s t - n a t a l life and a p a r t i c u l a r s tructure or
f u n c t i o n w i l l be most sensi t ive to d i s r u p t i o n d u r i n g its c r i t i c a l p e r i o d ( s ) . Damage may not be evident until
a la t er stage of d eve l opment . There are o f t e n d i f f e r e n c e s in pharmacok ine t i c s and me tabo l i sm between
chi ldren and a d u l t s . For example , a b s o r p t i o n may be d i f f e r e n t in neonates because of the i m m a t u r i t y of
their ga s t r o in t e s t ina l tract and the i r larger skin s u r f a c e area in p r o p o r t i o n to body weight ( M o r s e l l i et al.
1980; NRC 1993); the g a s t r o i n t e s t i n a l ab s o rp t i on of lead is greatest in i n f a n t s and young c h i l d r e n ( Z i e g l e r
et al. 1978). Dis tr ibut ion of xenobiot ic s may be d i f f e r e n t ; for e x a m p l e , i n f a n t s have a larger p r o p o r t i o n of
their bodies as e x t r a c e l l u l a r water and their brains and l iv er s are p r o p o r t i o n a t e l y larger ( A l t m a n and
Dittmer 1974; Fomon 1966; Fomon et al. 1982; Owen and Brozek 1966; W i d d o w s o n and Dickerson
1964). The i n f a n t al so has an immature b lood-brain barrier (Adinolf i 1985; J o h a n s o n 1980) and p r o b a b l y
an immature b l o o d - t e s t i s barrier ( S e t c h e l l and W a i t e s 1 9 7 5 ) . M a n y x enob i o t i c m e t a b o l i z i n g enzymes have
d i s t i n c t i v e d eve lopmenta l pa t t e rn s and at various s tages of growth and d e v e l o p m e n t , l e v e l s of p a r t i c u l a r
enzymes may be higher or lower than those of a d u l t s and sometimes unique enzymes may exis t at p a r t i c u l a r
deve lopmenta l stages (Komor i 1990; Leeder and Kearns 1997; NRC 1993; V i e i r a et al. 1996). W h e t h e r
d i f f e r e n c e s in xenobiotic metabol i sm make the c h i l d more or le s s s u s c e p t i b l e a l so d e p e n d s on whether the
relevant enzymes are involved in ac t iva t i on of the parent compound to its toxic f o r m or in d e t o x i f i c a t i o n .
There may also be d i f f e r e n c e s in excretion, p a r t i c u l a r l y in the newborn who has a low g l omeru lar f i l t r a t i o n
rate and has not deve loped e f f i c i e n t t u bu lar secretion and re sorpt ion c a p a c i t i e s ( A l t m a n and D i t t m e r 1974;
NRC 1993; West et al. 1948). C h i l d r e n and a d u l t s may differ in their c a p a c i t y to repair damage f r o m
chemical i n s u l t s . C h i l d r e n al so have a longer l i f e t i m e in which to expre s s damage f r o m chemica l s; t h i s
p o t e n t i a l is p a r t i c u l a r l y relevant to cancer.

• " D R A F T F O R P U B L I C C O M M E N T * "



A R S E N I C 1 5 4
2 . H E A L T H E F F E C T S

Certain characteristics of the d e v e l o p i n g human may increase exposure or s u s c e p t i b i l i t y whi l e others may
decrease s u s c e p t i b i l i t y to the same chemical. For e x a m p l e , the fa c t that i n f a n t s breathe more air per k i l ogram
of body weight than a d u l t s may be somewhat counterbalanced by their a lv eo l i being less d e v e l o p e d , so there
is a d i s p r o p o r t i o n a t e l y s m a l l e r sur face area for absorpt ion (NRC 1993).

Arsenic has been recognized as a human toxicant for many centuries, and the s y m p t o m s of acute p o i s o n i n g
are well known. C h i l d r e n who are exposed to h igh l e v e l s of arsenic exhib i t symptoms s imi lar to those seen in
adul t s , i n c l u d i n g respiratory, cardiovascular, dermal, and neurological e f f e c t s , and vomi t ing if the arsenic is
inges ted (Borgono et al. 1980; Foy et al. 1992; K e r s j e s et al. 1987; Rosenberg 1974; Z a l d i v a r 1974). In
s tud i e s of chronic exposure, c h i l d r e n appear to be more severely a f f e c t e d , probab ly due to a higher exposure
per body weight (Foy et al. 1992).

Inorganic arsenic has been characterized as a r eproduc t ive and d e v e l o p m e n t a l toxicant. It is known to cross
the p lacenta l barrier and s e l e c t iv e ly accumulate in the neuroepi the l ium of the d e v e l o p i n g animal embryo
( H a n l o n and Perm 1977; Lindgren et al. 1984). S t u d i e s in animals have also revealed that various f e t a l
m a l f o r m a t i o n s occur a f t e r embryonic exposure to arsenic. Neura l tube d e f e c t s are the pr edominant and
consistent m a l f o r m a t i o n in most mammalian species tested (Chaineau et al. 1990; Mirkes and Cornel 1992;
Morrissey and Mott e t 1983; Mott e t and Perm 1983; W i l l i t e and Perm 1984). In humans, prenatal exposure
to acute h igh doses of inorganic arsenic r e s u l t s in miscarriage and early neonatal dea th ( B o l l i n g e r et al. 1992;
Lugo et al. 1969). Prolonged low-dose human arsenic exposure has been associated with m u l t i p l e adverse
reproduc t ive outcomes i n c l u d i n g spontaneous abortion, s t i l l b i r t h , d e v e l o p m e n t a l impa irmen t , and congenital
m a l f o r m a t i o n (Aaschengrau et al. 1989; Borzsonyi et al. 1992; Beckman 1978; Z i e r l e r et al. 1988). The
association between prenatal arsenic exposure and congenital m a l f o r m a t i o n s has not been fully e s t a b l i s h e d ,
but in l i g h t of a r s e n i c ' s t eratogenic p o t e n t i a l in other mammalian spec i e s , humans are l i k e l y to be s en s i t ive to
these e f f e c t s .

C h i l d r e n appear to be more sensi t ive to the e f f e c t s of arsenic, pre sumably because of a higher body burden.
However, there is no evidence that the pharmacokine t i c s of arsenic d i f f e r in ch i ldr en . Foy et al. ( 1 9 9 2 )
describes systemic e f f e c t s of chronic arsenic exposure in c h i l d r e n l i v i n g in tin and tungs t en m i n i n g areas in
T h a i l a n d . The arsenic concentration in water s a m p l e s f rom 35 s h a l l o w w e l l s averaged 0.82 mg As/L (range,
0.02-2.7 mg As/L). Piped water ( a v a i l a b l e in some homes) had a concentration of 0.07 mg As/L. A survey
of skin m a n i f e s t a t i o n s of As p o i s o n i n g s was conducted in the fall of 1987. The case reports of 4 c h i l d r e n
were presented. All of the c h i l d r e n had hyperkerato s i s and h y p e r p i g m e n t a t i o n of the e x t r e m i t i e s , i n c l u d i n g
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t i b ia , p a l m s , and soles. The c h i l d who was exposed to 2.7 mg As/L al so had generalized p i g m e n t a t i o n of the
f e e t ( B l a c k f o o t Disease). In a d d i t i o n , one c h i l d had d e v e l o p e d weakness 3 years p r e v i o u s l y and had anorexia
and a chronic cough for 1 year. She had been held back twice in school as a s l ow learner. On examinat i on
she had a runny nose and weakness of her wrist j o i n t s . The l iver was about 4 f i n g e r - b r e a d t h s below the right
costal margin with a sharp but tender edge. Blood As l ev e l s ranged from 0.087 to 4.60 n g / m L and the As
level in hair ranged f rom 0.06 to 14.4 ug/g. The authors concluded that the f i n d i n g of t y p i c a l skin
m a n i f e s t a t i o n s of chronic As p o i s o n i n g sugge s t s that it may take a c on s id erab ly shorter period of t ime to
d e v e l o p these m a n i f e s t a t i o n s than p r e v i o u s l y thought . As p r e v i o u s l y ment ioned , arsenic crosses the p l a c e n t a
and p r e f e r e n t i a l l y accumulates in the embryonic n e u r o e p i t h e l i u m . In a d d i t i o n , arsenic is known to be present
in breast mi lk ( S o m o g y i and Beck 1994).

There is no i n f o r m a t i o n in the l i t e ra tur e d e s c r i b ing storage of arsenic in maternal t i s sues. Nor is there any
i n f o r m a t i o n s p e c i f i c a l l y d e s c r i b ing me tabo l i sm o f arsenic in ch i ldren. No PBPK m o d e l s s p e c i f i c a l l y targeted
at f e t u s e s , i n f a n t s or c h i l d r e n , or pregnant women or l a c t a t i n g women were f o u n d in the l i t e r a t u r e .

The mechanism of action of arsenic in the mammalian c e l l i n v o l v e s i n h i b i t i o n of p r o l i f e r a t i o n of c e l l s (Dong
and Luo 1993; Jha et al. 1992; Petres et al. 1977). In a d d i t i o n , arsenic impairs assembly and d i s a s s e m b l y of
micro tubu l e s , thus i n t e r f e r i n g with mi t o t i c s p i n d l e f o r m a t i o n and embryonal c e l l d i v i s i o n (Leonard and
Lauwerys 1980; Li and Chou 1992; Mot t e t and Perm 1983). Ars en i c c o m p o u n d s al so cause chromosomal
aberrations (Jha et al. 1992; Leonard and Lauwerys 1980), which d i s r u p t c e l l c y c l i n g . The direct t o x i c e f f e c t s
of arsenic,in the d e v e l o p i n g embryo re sul t not f rom a d i f f e r e n c e in the mechanism of t o x i c i t y d u r i n g
dev e l opmen t , but rather the existence of a unique target t i s sue, the n e u r o e p i t h e l i u m . The process of
neurulat ion invo lve s ce l l shape changes, cy tok ine s i s , and ce l l adhe s i on , which are d e p e n d e n t upon
cy to sk e l e ta l e l ement s that are f u n c t i o n a l l y a f f e c t e d by arsenic ( D a l l a i r e and Beliveau 1992; Ede lman 1992;
Gunn et al. 1992; Li and Chou 1992; M o r i s s - K a y et al. 1994; S c h e o n w o l f and S m i t h 1990; T a u b e n e c k et al.
1994). However, since arsenic is known to a f f e c t vasculature , and since al t ered p l a c e n t a l a n d / o r embryonal
vasculature has been sugges ted as a mechanism l e a d i n g to neural tube d e f e c t s , the embryo may be e s p e c i a l l y
sensi t ive to t h i s m a n i f e s t a t i o n of arsenic t o x i c i t y .

There are no biomarkers that have been s p e c i f i c a l l y i d e n t i f i e d for c h i l d r e n exposed to arsenic. In a d d i t i o n , no
unique interact ions of arsenic with other chemica l s have been i d e n t i f i e d in c h i l d r e n .
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2 . 7 B I O M A R K E R S O F E X P O S U R E A N D E F F E C T

Biomarkers are broadly d e f i n e d as ind i ca tor s s i g n a l i n g events in biologic systems or samples . T h e y have
been c l a s s i f i e d as markers of exposure, markers of e f f e c t , and markers of s u s c e p t i b i l i t y (NAS/NRC 1989).

Due to a nascent unders tanding of the use and interpre ta t ion of biomarkers, implementation of biomarkers
as t oo l s of exposure in the general p o p u l a t i o n is very l i m i t e d . A biomarker of exposure is a xenobiotic
substance or its m e t a b o l i t e ( s ) , or the product of an int erac t ion between a xenobiotic agent and some target
mol e cu l e( s) or c e l l ( s ) that is measured w i t h i n a compartment of an organism (NAS/NRC 1989). The
preferred biomarkers of exposure are g enera l ly the substance i t s e l f or s u b s t a n c e - s p e c i f i c me tabo l i t e s in
readi ly ob ta inabl e body f l u i d ( s ) or excreta. However, several f a c t o r s can confound the use and
i n t e r p r e t a t i o n of biomarkers of exposure. The body burden of a substance may be the result of exposures
f rom more than one source. The substance being measured may be a me tabo l i t e of another xenobiotic
substance (e.g., high urinary l e v e l s of phenol can resul t f r o m exposure to several d i f f e r e n t aromatic
c ompounds). Depend ing on the p r o p e r t i e s of the substance (e.g., b i o l og i c half-life) and environmental
condi t i on s (e.g., duration and route of exposure), the subs tance and all of its me tabo l i t e s may have l e f t the
body by the time s a m p l e s can be taken. It may be difficult to i d e n t i f y i n d i v i d u a l s exposed to hazardous
substances that are commonly f o u n d in body t i s sue s and f l u i d s (e.g., e s sential mineral nu tr i en t s such as
copper, zinc, and selenium). Biomarkers of exposure to arsenic are di scus sed in S e c t i o n 2.7.1.

Biomarkers of e f f e c t are d e f in ed as any measurable biochemical, p h y s i o l o g i c , or other alteration within an
organism t h a t , d e p e n d i n g on magni tude , can be recognized as an e s t a b l i s h e d or p o t e n t i a l h e a l t h impairment
or disease (NAS/NRC 1989). T h i s d e f i n i t i o n encompasse s biochemical or c e l l u l a r s i g n a l s o f t i s sue
d y s f u n c t i o n (e.g., increased l i v e r enzyme a c t i v i t y or p a t h o l o g i c changes in f e m a l e geni tal e p i t h e l i a l c e l l s ) , as
well as p h y s i o l o g i c s igns of d y s f u n c t i o n such as increased b lood pressure or decreased lung capac i ty . N o t e
that these markers are not o f t e n substance s p e c i f i c . T h e y also may not be d i r e c t l y adverse, but can indicate
p o t e n t i a l heal th impairment (e.g., DNA a d d u c t s ) . Biomarkers of e f f e c t s caused by arsenic are discussed in
S e c t i o n 2.7.2.

A biomarker of s u s c e p t i b i l i t y is an ind i ca tor of an inherent or acquired l i m i t a t i o n of an o r g a n i s m ' s a b i l i t y to
respond to the cha l l enge of exposure to a s p e c i f i c xenobio t i c substance. It can be an intr ins i c genetic or
other charac ter i s t i c or a p r e e x i s t i n g disease that r e s u l t s in an increase in absorbed dose, a decrease in the
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Since methylat ion of arsenic is a d e t o x i f i c a t i o n mechanism, it is p o s s i b l e that chemicals that in t er f er e with
the methylat ion process could increase t ox i c i ty . T h i s is s uppor t ed by s t ud i e s in animals in which reagents
that inhib i t m e t h y l a t i o n enzymes (e.g., per iodate-ox id ized adeno s ine) caused an increase in t i s su e l ev e l s of
inorganic arsenic ( M a r a f a n t e and Vahter 1986, M a r a f a n t e et al. 1985). S i m i l a r l y , c e l l u l a r g l u t a t h i o n e
level s appear to p l a y a role in the me thy la t i on process, and treatment w i t h reagents (e.g., phorone) that
decrease glutathione level s increases arsenic t ox i c i ty (Buchet and Lauwerys 1987). It is not known if
chemicals l ike ly to be encountered in the environment cause s i g n i f i c a n t e f f e c t s on the m e t h y l a t i n g c a p a c i t y
of humans.

2 . 9 P O P U L A T I O N S T H A T A R E U N U S U A L L Y S U S C E P T I B L E

A s u s c e p t i b l e p o p u l a t i o n w i l l exhib i t a d i f f e r e n t or enhanced response to arsenic than w i l l most persons
exposed to the same level of arsenic in the environment. Reasons may i n c l u d e genetic makeup, age, h e a l t h
and n u t r i t i o n a l s t a t u s , and exposure to other toxic substances (e.g., c i g a r e t t e smoke). T h e s e parameters
may result in reduced d e t o x i f i c a t i o n or excretion of arsenic, or compromised f u n c t i o n of target organs

ta f f e c t e d by arsenic. P o p u l a t i o n s who are at greater risk due to the ir u n u s u a l l y h igh expo sure to arsenic are
discussed in S e c t i o n 5 .6 , P o p u l a t i o n s W i t h P o t e n t i a l l y H i g h Exposure .

No studies were located regarding unusual s u s c e p t i b i l i t y of any human s u b p o p u l a t i o n to arsenic. However ,
since the degree of arsenic t o x i c i t y may be i n f l u e n c e d by the rate and extent of its m e t h y l a t i o n in the l iver
(see S e c t i o n 2.3.3), it seems l ik e ly that some members of the p o p u l a t i o n might be e s p e c i a l l y s u s c e p t i b l e
because of lower than normal m e t h y l a t i n g capac i ty . Reduced h e p a t i c m e t h y l a t i o n could r e su l t f r o m d i e tary
d e f i c i e n c y of methyl donors such as cho l ine or methionine (Buchet and Lauwerys 1987; V a h t e r and
M a r a f a n t e 1987), a l t h o u g h t h i s i s u n l i k e l y to be a concern for most p e o p l e in the U n i t e d S t a t e s . W h i l e
there is some evidence that m e t h y l a t i o n c a p a c i t y does vary among i n d i v i d u a l s (e.g., Buchet et al. 1 9 8 l a ;
Foa et al. 1984; Tarn et al. 1979b), the basis of t h i s variat ion and its impact on human s u s c e p t i b i l i t y have
not been e s t a b l i s h e d . One report did describe severe arsenic t o x i c i t y , i n c l u d i n g n e u r o p a t h y , that deve loped
only in a 5 ,10-methylene t e trahydrofo la t e-reduc ta s e (MTHFR) d e f i c i e n t member of a f a m i l y that had been
exposed to arsenic (Brouwer et al. 1992). The authors suggest that the MTHFR d e f i c i e n c y in th i s girl
might e x p l a i n the fa c t that of al) the f a m i l y members exposed to arsenic, only she deve loped severe c l i n i c a l
signs of arsenic po i soning. Liver disease does not appear to decrease m e t h y l a t i o n c a p a c i t y in humans, at
least at low l eve l s of arsenic exposure (Buchet et al. 1982; Geubel et al. 1988).
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2 . 1 0 M E T H O D S F O R R E D U C I N G T O X I C E F F E C T S

T h i s section w i l l describe c l i n i c a l pract ice and research concerning methods for reducing toxic e f f e c t s o f
exposure to arsenic. However, because some of the treatments discussed may be experimental and unproven,
this section shou ld not be used as a guide for treatment of exposures to arsenic. When s p e c i f i c exposures
have occurred, po i son control centers and medical t o x i c o l o g i s t s should be consul ted for medical advice. The
f o l l o w i n g t ex t s provide s p e c i f i c i n f o r m a t i o n about treatment f o l l o w i n g exposures t o arsenic:

T i n t i n a l l i JE, Ruiz E, and Krone RL (ed s .) 1996. Emergency medicine. A comprehensive s t u d y . American
C o l l e g e o f Emergency Physic ians . 4 th Ed i t i on . The M c G r a w - H i l l Companie s , Inc.

G o l d f r a n k RL, e t a l . 1994 . Gold frank ' s t o x i c o l o g i c emergencies. A p p l e t o n and Lange 5 th Ed i t i on .

El l enhorn MJ and Barceloux DG 1988. M e d i c a l t o x i c o l o g y d i a g n o s i s and treatment of human p o i s o n i n g .
Elsevier Sc i enc e P u b l i s h i n g Company, I n c .

2.10.1 Reducing Peak A b s o r p t i o n F o l l o w i n g Exposure

No data were located regarding the reduction of absorption a f t e r inhala t ion exposure to arsenic.

There are a number of methods for reducing absorpt ion of arsenic f o l l o w i n g oral exposure. In cases of acute
high-dose exposure, the removal of arsenic f rom the g a s t r o i n t e s t i n a l tract may be f a c i l i t a t e d by gastric lavage,
stomach in tuba t i on , induced emesis, or use of cathartics ( s a l i n e , s o r b i t o l ) wi thin a few hours a f t e r inge s t i on
( A p o s h i a n and Aposh ian 1989; ATSDR 1990; C a m p b e l l and Alvarez 1989; Driesback 1980; Ellenhorn and
Barceloux 1988; EPA 1989e; H a d d a d and Winche s t e r 1990; S t u t z and J a n u s z 1988). However, the e f f i c a c y
of several of these methods has been questioned by some authors, and in some cases, the treatments may be
contraindicated. For e xampl e , v o m i t i n g and diarrhea o f t e n occur soon a f t e r inge s t ing arsenic, and therefore,
use of an emetic or cathartic may not be necessary. A l s o , emesis should not be induced in ob tunded,
comatose, or c o n v u l s i n g p a t i e n t s ( C a m p b e l l and Alvarez 1989; Ellenhorn and Barceloux 1988; EPA 1989e),
and sal ine cathartics should be used with caution in p a t i e n t s with impaired renal f u n c t i o n ( C a m p b e l l and
A l v a r e z 1989). T r e a t m e n t s of t h i s sort are u n l i k e l y to be required f o l l o w i n g low-level exposures.

Another p o s s i b l e approach for r educ ing a b s o r p t i o n f o l l o w i n g oral exposure i s to admini s t e r substances which
bind the arsenic in the g a s t r o i n t e s t i n a l tract. For e x a m p l e , activated charcoal is sometimes used for this
purpo s e ( C a m p b e l l and A l v a r e z 1989; EPA 1989e; Stutz and J a n u s z 1988), a l t h o u g h the e f f e c t i v e n e s s o f t h i s
treatment is not we l l e s t a b l i s h e d . Because p e n t a v a l e n t arsenic is a p h o s p h a t e analogue, admin i s t ra t i on of
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5.4.3 S o i l

Arsenic is f ound in the earth's crust at an average level of 2 ppm (NAS 1977b). Most natural s o i l s contain
low l eve l s of arsenic, but i n d u s t r i a l wastes and p e s t i c i d e a p p l i c a t i o n s may increase concentrations.
Background arsenic concentrations in soil range f rom about I to 40 ppm, with a mean value of about
5 ppm (Beyer and Cromartie 1987; Eckel and L a n g l e y 1988; EPA I 9 8 2 a ; NAS 1977a). The
concentrations of arsenic in 40 F l o r i d a soil p r o f i l e s (94 s a m p l e s ) have been measured. The geometric mean
concentration of arsenic was 1.1 m g / k g , which is lower than the average of U.S. so i l s (Ma et al. 1997).
S o i l s ov er ly ing arsenic-rich geologic d e p o s i t s , such as s u l f i d e ores, may have soil concentrations two orders
o f magnitude higher ( N A S I 9 7 7 a ) .

Arsenic concentrations up to 27,000 ppm were reported in s o i l s contaminated wi th mine or smelter wastes
(EPA 1982a). Arsenic in soil in communities surrounding former smel t er s is a p u b l i c h e a l t h concern,
e s p e c i a l l y for i n f a n t s and ch i ldr en who may consume s i g n i f i c a n t quant i t i e s of so i l . The average arsenic
leve l s in the top 2 cm of d i f f e r e n t soil type s in the v i c i n i t y of a former copper smelter in Anaconda,
Montana, ranged from 121 to 236 ug/g, and level s were s i g n i f i c a n t l y related to prox imi ty and wind ,
direc t ion to the smelter site ( H w a n g et al. 1997).

S o i l on agr i cu l tura l lands treated with arsenical p e s t i c i d e s may retain sub s tant ia l amounts of arsenic. One
s t u d y reported an arsenic concentration of 22 ppm in treated soil compared to 2 ppm for nearby untreated
soil (EPA 1982a). Arsenic was measured in soil sample s taken from 10 p o t a t o f i e l d s in Suffolk County on
Long I s l a n d , New York, where sodium arsenite had been used for vine control and fall weed control for
many years. Lead arsenate also may have been used as an insect ic ide in certain areas. The mean arsenic
l ev e l s taken at a d e p t h of 0-18 cm from each of the 10 f i e l d s ranged f rom 27.8±5.44 mg/kg dry weight
(n=10) to 51.0±7.40 m g / k g dry weight (n=10). The s e l eve l s were markedly higher than the level of
2.26±0.33 mg/kg (n=10) for untreated control s o i l s ( S a n o k et al. 1995). An a n a l y t i c a l survey was
conducted in 1993 to determine the concentrat ions of arsenic and lead in soil samples f r o m 13 old orchards
in New York S t a t e . Lead arsenate was used for pest control in f r u i t orchards for many years, and residues
remain in the soil. Concentrat ions of arsenic ranged from 1.60 to 141 ppm ( m g / k g ) dry weight (Merwin et
al. 1994).

The p o s s i b l e presence of toxic compounds in waste materials has raised concerns about the f a t e of these
compounds either during the compos t ing process or when the composted product is a p p l i e d to soils. Three
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waste compost produc t s generated at the Connecticut A g r i c u l t u r a l Experiment S t a t i o n had arsenic levels of
12.8, 9.8, and 13 mg/kg dry weight, r e sp e c t iv e ly (Eitzer et al. 1997). T h e s e are lower than the EPA 503
regulatory limit for arsenic of 41 mg/kg for agricul tural use of sewage s l udge (EPA 1993b).

There has been concern regarding the cross-border contamination between the United S t a t e s and Mexico.
An example is the contamination of the Mexican community of Anapra in Ciudad Juarez , Chihuahua, f r o m
a lead smelter in El Paso, T e x a s , that ceased operation in 1985. Three geographical locat ions varying in
distance from the smelter source were evaluated for arsenic l eve l s in the soil. Mean arsenic l eve l s of the
3 sectors at increasing distance from the source were 25.2 mg/kg (n=8), 21.4 m g / k g (n=7), and 19.5 mg/kg x/(n=4). S o i l f rom a control area located 25 km away from the smelter had a mean concentration of
8.6 mg/kg (n=3) (Diaz-Barriga et al. 1997).

Contamination by heavy metals is a serious prob l em in some d e v e l o p i n g countries. Arsenic l e v e l s ranging
from 0.1 to 80 g/kg (100 to 80,000 mg/g) have been measured in s ed iment s in the h i g h l y contaminated
S e p e t i b a Bay in Brazil. A zinc fac tory near the bay uses ~ 1,500 tons of arsenic per year to p u r i f y the
e l e c t ro ly t i c so lu t ion used to produce zinc and cadmium (Moreira 1996). In Zimbabwe, s u r f a c e soil
(-10 cm d e p t h ) at abandoned mine dumps contained arsenic at an average concentration of 9.53±0.25 mg/g
(9,530+250 mg/kg). S o i l near a river stream about 400 meters f rom the mine d u m p s contained
0.55±0.04 mg/g (550±40 m g / k g ) of arsenic ( J o n n a l a g a d d a and N e n z o u 1996).

S e d i m e n t s in aquatic systems o f t e n have higher arsenic concentrat ions than those of the water ( W e l c h et al.
1988). Most sediment arsenic concentrations reported for U.S. rivers, lakes , and streams range f r o m 0.1 to
4,000 ppm, but much higher level s may occur in areas of contaminat ion (Heit et al. 1984; NAS 1977a;
Welch e t a l . 1988).

During August through November 1992 and August 1993, bed sediment in the S o u t h P l a t t e River Basin
(Colorado, Nebraska, Wyoming) was sampled and analyzed for 45 elements, in c lud ing arsenic. The range v/of arsenic found was 2.8-31 ng/g ( m g / k g ) dry weight, and the geometric mean (n=23) was 5.7 |ag/g
(Heiny a n d T a t e 1997). Measured concentrations of total arsenic in sediments from Clark F o r k River in
western Montana decreased from 404 j i g / g dry weight at the f a r t h e s t upstream s a m p l i n g station to 11 ug/g
at the most downstream stat ion. Sed imen t sample s f rom the M i l l t o w n Reservoir had arsenic concentrations
ranging f rom 6 to 56 ug/g dry weight (Brumbaugh et al. 1994).
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S u r f i c i a l sediments collected f rom 18 locations in 3 major tributaries to Newark Bay, New Jers ey , were
ji Id analyzed for 7 toxic metals, inc luding arsenic (Bonnevie et al. 1994). The highest concentrations of arsenic

(dry weight) were found in the Rahway River adjacent to a chemical p lant (58 r n g / k g ) and in the
Hackensack River adjacent to a coal-f ired power p l a n t (49 mg/kg). The average arsenic concentration for
all sediments was 17±16 mg/kg. Sed imen t s collected f rom 7 sites in Baltimore Harbor, M a r y l a n d , at
5 seasonal periods between J u n e 1987 and J u n e 1988 had a geometric mean maximum of 7.29 |ug/g
( m g / k g ) dry weight and a geometric mean minimum of 1.25 |ug/g ( m g / k g ) ( M i l e s and Tome 1997). T h i s
harbor is one of two sub-tributaries of the Chesapeake Bay where contaminants have been discharged on a
large scale. Metal concentrations have been measured in sediments from the Times Beach Conf ined
Disposal F a c i l i t y , an area of documented chemical contamination in B u f f a l o , New York (Roper et al.
1996); arsenic concentrations ranged f rom 27.5 to 54.0 mg/kg dry weight.

In the past few years, it has been suggested that the wood preservative most commonly used in dock p i l i n g s
and bulkheads (chromated copper arsenate) can be toxic to estuarine organisms. Wendt et al. ( 1 9 9 6 )
measured arsenic in s u r f i c i a l sediments and oysters f rom creeks wi th high d en s i t i e s of docks and from
nearby reference creeks with no docks. The average concentrations in the sediments ranged f rom 14 to
17 ug/g throughout the s tudy area, which is w i th in the range of natural background levels.

T y p i c a l l y , it has been assumed that 100% of arsenic that is ingested is b i oava i lab l e (EPA 1984), based on
l ex i co logical s tudies using pure sa l t s . However, th i s approach i s f l a w e d for e v a l u a t i n g the b i o a v a i l a b i l i t y
of metals f rom so i l s , because solid phases in soil are t y p i c a l l y much less s o lub l e than metal s a l t s .
Oxidation reactions on mineral surfaces result in armoring of the primary mineral grain by a secondary
reaction product. Also , the arsenic-bearing phase is o f t e n encapsulated in an insoluble matrix such as
s i l i ca, f ur th er d imini sh ing arsenic a v a i l a b i l i t y . In contrast to s o l u b l e arsenic s a l t s , the d i s s o l u t i o n of .
arsenic-bearing so l id s is l imited by the re frac tory nature of arsenic s u l f i d e s (Davis et al. 1992). ^

In a s tudy of the b i o a v a i l a b i l i t y of arsenic in soi l s from the Butte, Montana, mining d i s t r i c t , Davis et al.
( 1 9 9 2 ) prepared a soil that was representative of a mine waste site minimal ly impacted by sme l t ing ac t iv i ty
by blending 5 separate Butte s o i l s to achieve an arsenic concentration of 1,380 mg/kg (ug/g). Based on in
vitro re sul t s , the arsenic in the soil was demonstrated to be 5 times less b ioavai lab l e than arsenic f rom
N a 2 H A s O 4 . 'The low b i o a v a i l a b i l i t y fac tor s observed for arsenic-bearing soi l s from a former smel t ing site
in Anaconda, Montana, were explained by the spar ing ly s o lub l e nature of the arsenic-bearing phases, the
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; presence of authigenic carbonate and s i l i ca t e rinds, the kinetic hindrance to d i s s o lu t i on , and the
.,. inacce s s ib i l i ty of encapsulated arsenic (Davis et al. 1996)

Data from another study of arsenic in soi l s and sediments at the M i l l t o w n Reservoir Sediment s S u p e r f u n d
site in Montana indicated that the b i oavai lab i l i t i e s of arsenic, cadmium, copper, lead, and zinc were equal

* • to or less than 0.2% for internal organs and 0.1 % for carcasses on a u g / g t i s sue wet weight basis. These
J: • result s suggest that the bioavailable f ra c t i on of mining waste metal s in riparian wetland soi l s may be quite
> small (Pascoe et al. 1994).

•/•' . ' Hamel e t a l . ( 1 9 9 8 ) used synthe t i c gastric ju ice t o estimate the bioaccess ible f r a c t i o n o f meta l s in th e
']-.'': stomach with varying l iquid to solid ratios. T h e y found that the b i oa c c e s s i b i l i ty was not the same for each
- metal within a s o i l , nor between the soils. Bioacc e s s i b i l i ty was d e f i n e d for their s tudy as the maximal

amount of metal that is s o lub l e in a synthe t i c gas tr ic j u i c e and is, there fore , p o t e n t i a l l y a v a i l a b l e for uptake
across the i n t e s t i n a l lumen, whi l e b i o a v a i l a b i l i t y was d e f i n e d as the amount that was a c t u a l l y taken across
t h e cell membranes. Arsenic b i oac c e s s i b i l i ty f o r N a t i o n a l I n s t i t u t e o f S t a n d a r d s a n d T e c h n o l o g y ( N I S T )
Montana S o i l SRM 2710, with a c e r t i f i ed arsenic concentration of 626 |ag/g , was f a i r l y consistent across

t ' f . t h e l iqu id- to- so l id ratios and ranged from 41.8± 18% to 56±21 %. The e x t r a c t a b i l i t y o f a hazardous waste
• contaminated soil f rom Jer s ey C i t y , New J e r s e y , was d i f f e r e n t than that observed for the Montana NIST

|Vr soil . For the J e r s e y C i t y so i l , which had as arsenic concentration of 1,120 u g / g , there was an increase in
; the bioaccessible arsenic as the l i qu id- t o- s o l id ratio increased. Bioacces s ible arsenic ranged f r o m
£• 4.5±0.8% (at a l iqu id- to- so l id ratio of 100:1) to 25±9% (at a ratio of 5,000:1).

'•''• 5.4.4 O f l h e i r Environmental M e d i a

t ; Arsenic is f ound in many t y p e s of f o o d . The highest l ev e l s are detected in s ea f ood , meats, and grains.
T y p i c a l U . S . dietary levels of arsenic in these f o o d s range from 0.02 ppm in grains and cereals to 0.14 ppm

: v in meat, f i s h , and p o u l t r y (Gartr e l l et al. 1986), but there is a wide range of values. S h e l l f i s h and other
:i| marine f o o d s contain the highest arsenic concentrations ( J e l i n e k and Cornel ius sen 1977). Mean l eve l s in

3" f i s h and seafood are u s u a l l y about 4-5 ppm (Bennett 1986; Schroeder and Balassa 1966) but may be ai
V high as 170 ppm (NAS 1977b). Some arsenic concentrations found in f i s h and s h e l l f i s h are summarized in

T a b l e 5-2.
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1.4 u g / c i g a r e t t e for mainstream cigarette smoke ( S m i t h et al. 1997). The wide range of arsenic y i e l d s for
flue-cured c igaret t e s sugges t s that the f i e l d history, s o i l , and f e r t i l i z e r condi t ions under which the tobacco is
grown will a f f e c t the arsenic concentration ( S m i t h et al. 1997). Arsenic emission f a c t o r s of 0.015 to
0.023 u g / c i g a r e t t e (mean 0.018±0.003 u g / c i g a r e t t e ) have been measured for sidestream smoke from a
burning cigarette (Landsberger and Wu 1995). Arsenic has also been detected in several homeopathic
medicines at concentrations up to 650 ppm ( K e r r and Saryan 1986). Some Chinese propr i e tary medicines
that are manufac tured in China, H o n g Kong, and other Asian countries have been reported to contain level s
of inorganic arsenic ranging from 25 to 107,000 ppm (ug/g) (Chan 1994). Fifty medic inal ly important
l e a f y s a m p l e s that were analyzed for elemental concentrations contained arsenic at l eve l s ranging f rom 0.12
to 7.36 m g / k g ( u g / g ) , w i th a mean of 2.38+1.2 mg/kg (ug/g) ( R e d d y and Reddy 1997).

5 . 5 G E N E R A L P O P U L A T I O N A N D O C C U P A T I O N A L E X P O S U R E

For the general p o p u l a t i o n , f o o d is g eneral ly the greatest source of arsenic exposure. In the United S t a t e s ,
f o o d intake of arsenic has been estimated to be about 46 u g / d a y , wi th the largest contribut ion f rom meat,
f i s h , p o u l t r y , grain, and cereal produc t s ( G a r t r e l l et al. 1986). Some of thi s is probab ly in the form of
organic ar s en i ca l s (see S e c t i o n 5.4.4). Drinking water may al so be a s i g n i f i c a n t source of arsenic
exposure. E s t i m a t e s of arsenic intake for a d u l t s drinking 2 l i t e r s of water per day average about 5 ug/d
(EPA 1982c), but could be higher (10-*-100 ug/d) where l e v e l s in water are above average. It is assumed
that nearly all arsenic in drinking water is inorganic (EPA 1984a).

T h e U . S . Food a n d Drug A d m i n i s t r a t i o n ( F D A ) conduc t s t h e T o t a l Diet S t u d y ( T D S ) t o determine die tary
intake s of p e s t i c i d e s , selected e l ement s , and other chemicals. For the s a m p l i n g period J u n e 1984 to April
1986, the t o ta l d a i l y intake of arsenic f rom f o o d s was 58.1 ug for a 25-30-year-old male. S e a f o o d
contributed 50.8 ug (87% of the t o t a l ) (Gunder son 1995a). For the s a m p l i n g period July 1986 to April
1 9 9 1 , the t o ta l d a i l y intake of arsenic f r o m f o o d s was lower, 38.6 ug for a 25-30-year-old male. S e a f o o d
again was the major contributor at 34.1 ug (88% of the t o t a l ) (Gunder son 1995b). The la t e s t TDS, for the
s a m p l i n g period Sep t ember 1991 to December 1996, shows that arsenic, at 0̂.03 ppm ( u g / g ) , was found
in 55 (21%) of the 261-264 f o o d s / m i x e d dishes analyzed. The highest concentrations again were found in
s ea f ood , f o l l o w e d by r ice/r ice cereal, mushrooms, and p o u l t r y . The estimated to ta l d a i l y intake of arsenic
f rom f o o d s was 56.6 ug for a 25- to 30-year-old male. S e a f o o d was the major contributor, accounting for
88% to 96% of the es t imated to tal arsenic intake of adu l t s . For i n f a n t s , 41 % and 34% of the estimated
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• J j -;tt.
;] - total arsenic intakes are from seafood and rice/rice cereals, re spec t ive ly ( T a o e t al. 1998). The mean d a i l y

: intakes ( u g / k g body weight) for selected age groups for the two s a m p l i n g per iods are given in T a b l e 5-3.

Average d a i l y dietary exposures to arsenic were estimated for a p p r o x i m a t e l y 120,000 U . S . a d u l t s by
•- •'; - combining data on annual d i e t , as measured by a food frequency questionnaire, wi th residue data for table-

\- ready f o o d s that were col lec ted for the annual PDA T o t a l Diet S t u d y . Dietary exposures to arsenic were
h i g h l y variable, with a mean of 50.6 u g / d a y (range, 1.01-1,081 u g / d a y ) for a f e m a l e and 58.5 u g / d a y
(range, 0.21-1,276 u g / d a y ) for a male (Macinto sh et al. 1996). Inorganic arsenic intake in 969 men and

'•'* women was assessed by a semi-quantitative food frequency questionnaire in combination with a database
: for arsenic content in f o o d s and by toenail concentrations of arsenic. The mean e s t imated average d a i l y /

consumption of inorganic arsenic was 10.22 u g / d a y , with a s tandard dev ia t ion of 6.26 u g / d a y and a range
of 0.93-104.89 ug/day (Macinto sh et al. 1997).

During a comprehensive to ta l diet s tudy ex t end ing from 1985 to 1988, the es t imated d a i l y d i e t a r y inge s t ion
-"; of to ta l arsenic by the average Canadian was 38.1 fig and varied f r o m 14.9 ug for the 1-4-year-old age

group and 59.2 ug for 20-39-year-old males (Dabeka et al. 1993). D a i l y in take s of arsenic f r o m f o o d by
women in the S h i g a Prefe c ture , J a p a n , were inve s t igated by the d u p l i c a t e p o r t i o n method and by the market

,.' basket method. In 1991 and 1992, the d a i l y intakes determined by the d u p l i c a t e por t i on method were 206
-'[• and 210 ug, re spec t ive ly. T h o s e determined by the market basket method were 160 and 280 ug,

re spec t ive ly ( T s u d a e t a l . 1995).

•'•:: I n h a l a t i o n of arsenic from ambient air is u s u a l l y a minor exposure route for the general p o p u l a t i o n . For
;~;. example, the dose to a person who breathes 20 mVday of air c o n t a i n i n g 20-30 ng/nr 1 (see S e c t i o n 5 .4 .1)

would be about 0.4-0.6 u g / d . However, smokers may be exposed to arsenic by i n h a l a t i o n of mainstream
smoke. Assuming that 20% of the arsenic in c igare t t e s is present in smoke, an i n d i v i d u a l smoking two
packs of cigarettes per day would inhale about 12 ug of arsenic (EPA 1984a).

t:' Occupational exposure t o arsenic may b e s i g n i f i c a n t in several i n d u s t r i e s , mainly nonferrous s m e l t i n g ,
.V . .;-.: arsenic produc t i on , wood preservation, g la s s manu fa c tur ing , and arsenical p e s t i c i d e p r o d u c t i o n and

a p p l i c a t i o n . The electronics indus try is e x p a n d i n g the use of g a l l i u m arsenide in the p r o d u c t i o n of
optoe l e c tronic devices and integrated c ircuit s , and workers in the i n d u s t r y where g a l l i u m arsenide is used
can be exposed to hazardous substances such as arsenic, arsine, and various acids ( S h e e h y and J o n e s
1993).
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T a b l e 5-3. Mean D a i l y I n t a k e s o f Arsenic for Selec t ed P o p u l a t i o n G r o u p s g
"~~ o

Dates ofs t udy
6/84-4/86 a

7/86-4/91"

P T D l
2.1C

2.1C

6-11mo
0.82
0.5

2 y r

1.22
0.81

Mean
14-1 6 yrf e m a l e
0.54
0.36

d a i l y intake, (jg As per kg body weight
14-1 6 yr. male
0.6
0.39

25-30 yrf e m a l e
0.66
0.44

25-30 yrmale
0.76
0.51

60-65 yrf e m a l e
0.71
0.46

60-65 yrmale
0.74
0.48

a G u n d e r s o n 1995a"Gunderson 1995bc No agreement has been reached on a maximum acc ep tab l e intake for total arsenic; the FAO/WHO has assigned a Provis ional T o l e r a b l e Dai lyI n t a k e (PTDl) f or inorganic arsenic o f 2 .1 t j g /kg body weight f o r adul t s .
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The current Occupational S a f e t y and H e a l t h A d m i n i s t r a t i o n (OSHA) PEL for arsenic in inorganic
compounds is 10 ug/m 3 , the OSHA action level is 5 u g / m 3 (OSHA 1989), and the N a t i o n a l I n s t i t u t e for
Occupational S a f e t y and H e a l t h (NIOSH) recommended exposure l imit (REL) is 2 u g / m 3 for a 15-minute
ce i l ing (NIOSH 1990). The OSHA PEL for arsine is 200 ug/m 3 , but the NIOSH REL for arsine is the
same as for arsenic, 2 u g / m 3 for a 15-minute cei l ing. The American Conference of Governmental
I n d u s t r i a l H y g i e n i s t s (ACGIH) biological exposure index (BEI) for arsenic in urine is 50 jag arsenic per g
o f c r e a t i n i n e ( A C G I H 1998).

NIOSH researchers conducted a study of arsenic exposures and control systems for g a l l i u m arsenide
operations at 3 microelectronics f a c i l i t i e s dur ing 1986-1987 ( S h e e h y and J o n e s 1993). R e s u l t s at one p l a n t
showed that in all processes evaluated but one, the average arsenic exposures were at or above the OSHA
action level of 5 ug /m 3 , with a maximum exposure of 8.2 ug/m 3 . W h i l e c l eaning the LEG p u l l e r s , the
average potent ia l arsenic exposure of the c leaning operators was 100 times the OSHA PEL. Area arsenic
s a m p l e s co l l e c t ed at the p l a n t in breakrooms and o f f i c e s , 20 to 60 fee t f r om the process rooms, had average
arsenic concentrations of 1.4 ug/m 3 . At the other two p l a n t s , personal exposures to arsenic were well
control led for al l processes evaluated.

A s tudy has been conducted to examine the r e l a t i o n s h i p between to ta l arsenic l e v e l s in hair of employee s in
a semiconductor f a b r i c a t i o n f a c i l i t y and job r e s p o n s i b i l i t y , a surrogate var iab l e for arsenic exposure (de
Peyster and S i l v e r s 1995). Airborne arsenic was f ound in areas where equipment was being cleaned but
was not f ound in admini s t ra t iv e areas. The highest airborne arsenic level f o u n d in the s t u d y , 15 u g / m 3 , was
col lec ted f rom the breathing zone of a maintenance employee who was c l eaning a source hous ing over a
period of 2 hours in an area with local exhaust v e n t i l a t i o n . A concentrat ion of 2 u g / m 1 was f o u n d d u r i n g
the remainder of the c l eaning period (-53 min). Workers in maintenance who were r e g u l a r l y assigned to
c l eaning equipment, and there fore presumed to have the h ighe s t exposure p o t e n t i a l , had a mean hair arsenic
level of 42 ppb (0.042 u g / g ) . T h i s was higher than the mean of 33 ppb (0.033 ug/g) observed in
admini s t ra t iv e controls , but the d i f f e r e n c e was not s i g n i f i c a n t . Maintenance workers who only o c c a s i o n a l l y
cleaned and maintained arsenic-contaminated equipment had a mean hair arsenic level of 34 ppb
(0.034 u g / g ) , which was comparable to the control s . The highest group mean hair arsenic level of 44 ppb
(0.044 u g / g ) , s u r p r i s i n g l y , was f o u n d in supervisors and engineers who were presumed to have the lowest
exposure p o t e n t i a l of all workers in the process areas. However, the h ighe s t concentrat ions of hair arsenic
in engineers, 76 and 106 p p b , were observed in 2 heavy smokers who smoked 1-2 packs of c igare t t e s per
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day. A 2-way analysi s of variance indicated that smoking appeared to be a s i gn i f i can t contribut ing fa c t or
whereas occupational exposure was not.

Chromium, copper, and arsenic (CCA) preservatives are commonly used for treating timber used in
constructions in marine and other humid environments or in contact with the ground. Exposure to CCA
compounds may occur while working with the treated timber. Nygren et al. (1992) investigated the
occupational exposure to airborne dust, chromium, copper, and arsenic in six joinery shops in Sweden
where impregnated wood was used for most of their production. The mean airborne concentration of
arsenic around various type s of joinery machines ranged from 0.54 to 3.1 ug/m 3 . No increased
concentrations of arsenic were f ound in urine from the workers.

A study was carried out in Denmark to evaluate arsenic exposure in tax idermis t s , workers impregnating
wood with CCA solut ions, fence builders, construction workers, and workers impregnating electric p y l o n s
with arsenic solution (Jens en and Olsen 1995). Airborne arsenic exposure was documented in 19 of
27 individual s working with products containing arsenic. The maximum exposure concentration was
17.3 j i g / m 3 , found for a s ingle worker who was f i l l i n g an impregnation container with CCA paste. Median
exposures for indoor workers produc ing garden fence s and weekend cottages were 3.7 and 0.9 u g / m 3 ,
re spec t ive ly. The maximum urine concentration reported in the s tudy was 294.5 nmol arsenic per mmol
creatinine and was from the i n j e c t o r impregnat ing electric pylons . The median concentration in workers on
electric p y l o n s was 80 nmol arsenic per mmol creatinine, which was six times the concentration in reference
ind iv idua l s . Urine arsenic levels in workers producing garden fences and in taxidermis t s were 2.9 and
1.8 times the reference level, respectively.

NIOSH estimated that about 55,000 workers were o c c u p a t i o n a l l y exposed to arsenic in the early 1980s
(NOES 1990). The p r i n c i p a l exposure pathway is probab ly inha la t i on of arsenic adsorbed to p a r t i c i p a t e s ,
but ingest ion and p o s s i b l y dermal exposure may also be common. Since arsenic is no longer produced in
the United S t a t e s (see S e c t i o n 4.1) and many arsenical p e s t i c i d e uses have recently been banned (see
Chapter 7), it is l ik e ly that the number of workers oc cupat ional ly exposed to arsenic has decreased in recent
years.
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5.6 E X P O S U R E S OF CHILDREN

T h i s section focuse s on exposures f r o m conception to maturity at 18 years in humans and b r i e f l y considers
po t en t ia l pre-conception exposure to germ ce l l s . D i f f e r e n c e s f rom a d u l t s in s u s c e p t i b i l i t y to hazardous
substances are discussed in S e c t i o n 2.6, Children's S u s c e p t i b i l i t y .

C h i l d r e n are not small adu l t s . A chi ld' s exposure may di f f er f r o m an adul t ' s exposure in many ways.
Children drink more f l u i d s , eat more f o o d , and breathe more air per kilogram of body weight, and have a
larger skin sur face in propor t i on to their body volume. A chi ld ' s diet o f t e n d i f f e r s f r o m that o f a d u l t s . The
d e v e l o p i n g h u m a n ' s source of nu tr i t i on changes wi th age: f rom p l a c e n t a l nouri shment to breast m i l k or
f o r m u l a to the diet of older ch i ldren who eat more of certain t y p e s of f o o d s than a d u l t s . A child's behavior
and l i f e s t y l e al so i n f l u e n c e exposure. C h i l d r e n crawl on the f l o o r ; they put t h i n g s in t h e i r mou th s; they may
ingest i n a p p r o p r i a t e t h i n g s such as dirt or pa in t c h i p s ; they spend more t ime outdoors . C h i l d r e n a l so are
closer to the ground, and they do not have the j u d g m e n t of a d u l t s in a v o i d i n g hazards ( N R C 1993).

Arsenic residues in communities near former smelters are a p u b l i c h e a l t h concern, e s p e c i a l l y for i n f a n t s and
ch i ldren. Contaminated s o i l s pose a p a r t i c u l a r hazard to c h i l d r e n because of hand-to-mouth behavior and
the subsequent inges t ion of soil c onta ining me ta l s and other contaminant s ( H a m e l et al. 1998).
A b s o r p t i o n of arsenic occurs p r i m a r i l y f rom the f l u i d phase in the smal l i n t e s t i n e ( D a v i s et al. 1992).
C h i l d r e n have the a b i l i t y to absorb higher percentages of me ta l s through the d i g e s t i v e sy s t em in t o the
bloods tream than do a d u l t s . The amount of metal absorbed is d ep enden t on the i n d i v i d u a l , the f o r m of the
metal wi th in the s o i l , and the so i l ' s p h y s i c a l character i s t i c s ( H a m e l e t a l . 1998). H w a n g e t a l . ( 1 9 9 7 )
conducted a s t u d y f rom the summer of 1992 through the summer of 1993 in Anaconda , MT, in the v i c i n i t y
of a former copper smelter. Environmental s a m p l e s and f i r s t morning voided urine s a m p l e s f r o m 414
ch i ldr en less than 72 months old were c o l l e c t ed . A t t e n t i o n was fo cu s ed on that f r a c t i o n of the
environmental source that was thought to be of the greatest risk to the c h i l d (i.e., arsenic in small p a r t i c l e s
[<250 u m ] ) that could most readily adhere to hands and toys and could be i n a d v e r t e n t l y inge s t ed . Average
arsenic l ev e l s in d i f f e r e n t type s of soil ranged f rom 121 to 236 u g / g . Several s tud i e s have reported mean
soil inges t ion values for ch i ldren ranging f rom 9 to 1,834 m g / d a y . A s s u m i n g that h igh arsenic exposure
areas have average arsenic l eve l s in soil f rom 60 to 150 u g / g , the r e s u l t i n g d a i l y arsenic intake f rom soil
could range f rom 1 to 275 ug per c h i l d . The geometric mean of spec iated urinary arsenic (combined As 3 + ,
As5*, monomethylarsonic acid, and d ime thy lar s in i c a c id) was 8.6±1.7 u g / L (n=289) in the H w a n g s tudy.
The mean total urinary arsenic level was 19.1 u g / L , which was 11-22 ug lower than those reported in
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2 previous s tudie s in Anaconda (Baker et al. 1977; H a r t w e l l et al. 1983) and only s l i g h t l y higher the value
of 17.7 n g / L that was found in a survey conducted in Anaconda in 1985, when the smelter had already
been shut down (Binder et al. 1987). A nationwide survey on arsenic exposure in the v i c ini ty of smelter
sites revealed that children without excess arsenic exposure had average to tal urinary arsenic levels ranging
f rom 5 to 10 n g / L ( H w a n g et al. 1997). Compared to these values, the mean total urinary arsenic values
f ound in the H w a n g s tudy were markedly higher, but they were s t i l l well below the WHO-recommended
maximum excretion level for to tal arsenic of 100 u g / L as an action level for intervention. The investigators
hypothe s iz ed that the r e la t iv e ly low urinary arsenic levels f ound in the s tudy were probably a r e f l e c t i o n of
the low b i o a v a r i a b i l i t y of some forms of arsenic in contaminated soil. H w a n g et al. ( 1 9 9 7 ) stated that
arsenic intake through skin contact is in s ign i f i can t and may be neglected in the assessment of childhood
arsenic exposure. T h e y recommend that parent s or guardians pay more a t t en t i on to their children's
a c t i v i t y , e s p e c i a l l y hand-to-mouth behavior, even though the environmental contaminants might be elevated
only s l i g h t l y .

Arsenic concentrations were very low in human milk sampled from 88 mothers in the Faroe I s l a n d s , where
the s ea food diet inc lude s p i l o t whale meat and blubber. The to ta l arsenic concentrations ranged f rom 0.1 to
4.4 | j g / k g (0.0001-0.0044 n g / g ) , wi th a median of 1.6 n g / k g (0.0016 fig/g) ( G r a n d j e a n et a!. 1995). The
a v a i l a b l e da ta do not suggest any major t r a n s f e r of organoarsenic compounds f rom s ea food to mi lk, and the
concentrations of inorganic arsenic are low ( G r a n d j e a n et al. 1995).

W h i l e the h a r m f u l e f f e c t s of many components of tobacco smoke are well known, those due to heavy
metal s in the smoke have not been s u f f i c i e n t l y emphasized. The adverse h e a l t h e f f e c t s of these toxic metals
on the f e t u s through maternal smoking are of special concern ( C h i b a and Masironi 1992). The
concentration of arsenic in tobacco is r e l a t i v e l y low, u s u a l l y below detec table l i m i t s (<1 p g / g ) . A l t h o u g h
the concentrations of inorganic and organic arsenic in the urine of a d u l t s do not appear to be i n f l u e n c e d by
smoking, a p o s i t i v e association was found between urinary arsenic level s in chi ldren and parental smoking
habits. The mean arsenic level in the urine of ch i ldren of non-smoking parents was 4.2 j a g / g creatinine, in
chi ldren with I smoking parent it was 5.5 (Jg/g, and in ch i ldren with both parents smoking it was 13 n g / g
(Chiba and Maseroni 1992).

The use of Chinese herbal medicines (CHM) appears to be common among Chinese women. Both CHM
and Chinese propr i e tary medicines (CPM) are used for treatment of minor a i lment s in babies and chi ldren.
Herbal medicines are available in capsule or tablet form in drug stores, supermarkets, and by mail. The
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CPM "Sin Lak P i l l , " "Lu Shen Wan," and other anti-asthma preparat ions have been found to contain
inorganic arsenic levels ranging from 25 to 107,000 ppm ( u g / g ) , and cases of acute arsenic po i s on ing have
been found in chi ldren and a d u l t s using these CPM (Chan 1994). Babies and c h i l d r e n are p a r t i c u l a r l y at
risk because they may be given higher doses of these preparat ion per kg of body weight than a d u l t s would
normally consume. T h e y may also lack the hepat i c enzymes re spons ib le for drug b i o t ran s f o rmat i on and
d e t o x i f i c a t i o n (Chan 1994).

Various me ta l l i c pigments and colors in the form of sa l t s or lakes are used in toy produc t i on . T h e r e f o r e ,
chi ldren may be exposed to toxic metals while p l a y i n g with toys , e s p e c i a l l y when they l ick, suck, or
swal low a toy or a piece of a toy. T o y s produced in European Union Market s must c o n f o r m to re s tr i c t i ons
concerning the b i o a v a i l a b i l i t y of toxic metal s , in c lud ing arsenic. The maximum limit for b i o a v a i l a b i l i t y of
arsenic from the accessible par t s of a toy is set to 0.1 u g / d a y . T h i s corre sponds to an arsenic migration
limit of 25 mg/kg for all toy material, inc luding modeling clay and p a i n t s ( R a s t o g i and P r i t z l 1996). A
s tudy was carried out to determine whether crayons, water colors, and water-based p a i n t s c on f orm wi th the
migration l imi t s for toxic metals (Rastogi and Pri tz l 1996). For the a n a l y s i s , 94 s a m p l e s r epr e s en t ing 48
produc t s were obtained f r o m China, Taiwan, J a p a n , the U n i t e d S t a t e s , and European countries. F i f t y - t w o
sample s showed migration of arsenic, ranging from 0.01 to 3.75 ppm (|ag/g).

Parents can inadver t en t ly carry hazardous material s home f r o m work on the ir c l o t h e s , skin, hair, t o o l s , and
in their vehicles (DHHS 1995). F a l k et al. ( 1 9 8 1 b ) reported a case of h e p a t i c angiosarcoma in a c h i l d that v
could be associated with arsenic contamination of a parent's c l o t h i n g , the water s u p p l y , and the
environment. The f a t h e r worked in a copper mine and smel ter area where his c l o t h i n g was contaminat ed
with dust containing arsenic. His daughter, who exhibi ted a high degree of p i ca , ate d ir t f r o m the yard and
licked dirt off her father's shoes. In a s tudy of arsenic l eve l s in homes in H a w a i i , Klemmer et al. ( 1 9 7 5 )
f ound higher levels in homes of employees of f i rms that used arsenic for p e s t i c i d e s or wood p r e s e r v a t i o n ,
compared to homes where the residents did work that did not involve arsenic. The concentrat ion of arsenic
in dust f rom the homes of workers exposed to arsenic ranged f r o m 5.2 to 1080 ppm (ug/g), compared to
concentrations of 1.1-31. ppm in dust from control homes.

5 . 7 P O P U L A T I O N S W I T H P O T E N T I A L L Y H J G H E X P O S U R E S

In a d d i t i o n to i n d i v i d u a l s who are o c c u p a t i o n a l l y exposed to arsenic (see S e c t i o n 5.5), there are several
groups within the general p o p u l a t i o n that have p o t e n t i a l l y high exposures ( h i g h e r than background l e v e l s )
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to arsenic. T h e s e p o p u l a t i o n s in c lud e i n d i v i d u a l s l i v i n g in prox imi ty to sites where arsenic was produced
or d i s p o s e d , and i n d i v i d u a l s l i v i n g near one of the 916 NPL hazardous waste sites where arsenic has been
detected in some environmental media ( H a z D a t 1998). Other p o p u l a t i o n s at risk of exposure in c lude
recreational and subsistence f i s h e r s who t y p i c a l l y consume larger amounts of l o c a l l y caught f i s h and
s h e l l f i s h than the general p o p u l a t i o n , N a t i v e American p o p u l a t i o n s who are subsistence hunters, nursing
i n f a n t s and young ch i ldren, and subsistence farmers and their f a m i l i e s who consume their own farm-raised
meat and dairy produc t s .

A s tudy was conducted to determine if s i g n i f i c a n t arsenic exposure was occurring at a S u p e r f u n d site in
Fort V a l l e y , Georgia ( H e w i t t et al. 1995). Random urine, 24-hour urine, hair, and f ingernai l samples were
c o l l e c t e d at the end of the workweek from 40 employee s at an active p e s t i c i d e m a n u f a c t u r i n g f a c i l i t y where
arsenical p e s t i c i d e s had been produced for over 50 years prior to the mid-1970s. Measurement of arsenic
in the urine is considered to be the best method for monitoring recent exposure in i n d u s t r i a l p o p u l a t i o n s .
H a i r and f i n g e r n a i l analyse s may prov ide an i n d i c a t i o n of exposures that occurred up to several month
prior to t e s t i n g , but both can adsorb and s t r o n g l y retain arsenic f rom external sources. S i n c e arsenic is
r a p i d l y cleared f rom the blood (half-life of 3-4 hours), blood arsenic l ev e l s are not considered s u i t a b l e for
moni tor ing p o p u l a t i o n s for chronic low-level arsenic exposure. Result s of the H e w i t t s tudy are
summarized in T a b l e 5-4. Urinary arsenic l eve l s for all workers were well w i th in the commonly accepted
normal range of < 100 u g / L .

As noted above, workers in a number of indus tr ie s may have high exposures to arsenic, e s p e c i a l l y if
proper s a f e t y procedures are not f o l l o w e d . For members of the general p o p u l a t i o n , above-average
exposure to arsenic f r o m dr ink ing water is p o s s i b l e in areas of h igh natural arsenic l ev e l s in groundwater or
e levated arsenic l ev e l s in dr inking water due to i n d u s t r i a l d i s charge s , p e s t i c i d e a p p l i c a t i o n s , or l ea ch ing
f r o m hazardous waste f a c i l i t i e s . I n d i v i d u a l s l i v i n g in the v i c i n i t y of large smel t er s and other i n d u s t r i a l
emi t t er s of arsenic may be exposed to above-average arsenic l eve l s both in the air and, as a result of
a tmo spher i c d e p o s i t i o n , in water and soil.

Smokers and those r egu lar ly consuming large amounts of s eafood may also be exposed to higher-than-
average levels of arsenic.

Recreational and subsistence f i s h e r s that consume a p p r e c i a b l y higher amounts of l o c a l l y caught f i s h from
contaminated waterbodies may be exposed to higher l eve l s of arsenic associated with d i e tary intake.
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T a b l e 5-4. Arsenic BaomoGUtHoinng Resul t s
Arsenic concentration

Matrix
Random urine, u g / L
24-hr urine, u g / L
H a i r , u g / g
F i n g e r n a i l s , u g / 9

N u m b e r
39
39
35
36

A r i t h m e t i c mean
11.6
11.0
0.78
0.79

Geometr i c mean
9.5
7.5
0.19
0.27

Range
ND-57
ND-54
ND-6.3
ND-6.1

ND = not detected (labora tory de t e c t ion l i m i t s : urine = 1 u g / L ; hair and n a i l s = 0.01 u g / g )
Source: H e w i t t e t a l . 1995
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